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Preface
The European Council Directive on Integrated Pollution Prevention and Control
(IPPC Directive 96/61/EC of September 24, 1996) aims at an integrated approach
of pollution prevention and control arising from industrial activities listed in its
Annex I. The directive requires that “The Commission shall organise an exchange
of information between Member States and the industries on best available tech-
niques, associated monitoring, and developments in them”. The results of ex-
change of information will be published by the Commission as Best available tech-
niques reference documents (BREFs) on each industrial activity listed in Annex I.
To organise the exchange of information the Commission has set up the so
called Sevilla process in order to produce BREFs in all for 33 industrial activities.
One of the BREFs will be the BREF on Large Combustion plants (LCP), which ac-
cording to the IPPC directive’s Annex I deals with “Combustion installations with
rated thermal input exceeding 50 MW”.
The Finnish Environment Institute has set up the national working group on
large combustion plants in order to contribute to the Sevilla process and the prep-
aration of LCP BREF. In the national LCP working group there are following mem-
bers; Mr Ahti Itkonen from North Savo Regional Environment Centre, Mr Jukka
Leskelä from Finnish Energy Industries Federation, Mr Pentti Puhakka from Min-
istry of Trade and Industry, Mr Juha Pesari from Southeast Finland Regional En-
vironment Centre, Mr Eljas Hietamäki from Southwest Finland Regional Environ-
ment Centre, Ms Pirjo-Liisa Nurmela from Vaasa Administrative Court, Mr Juha
Kouki from UPM-Kymmene Oyj, Mr Tapio Öhman from Helsinki Energy, Mr Kari
Kankaanpää from Fortum Power and Heat Oy, Ms Leena Nurmento from Fortum
Oyj, Mr Jari Niemelä and Mr Petri Vesa from Pohjolan Voima Oy, Ms Ann-Mari
Häkkinen from West Finland Regional Environment Centre, Ms Anneli Karjalai-
nen from Ministry of the Environment, Mr Tapio Kovanen from Western Finland
Environmental Permit Authority as well as Mr Timo Jouttijärvi, Mr Seppo Ruona-
la and Ms Irina Hakala from Finnish Environment Institute.
National LCP working group has produced this report on the best available
techniques in large combustion plants. Report gives a comprehensive review over
the LCPs and burned fuels including specialities in the Finnish LCPs. The main
emphasis is on the relevant issues where the Finnish LCP operator and boiler/
equipment manufactures have gained experience. In Finland the co-generation of
power and heat is existing widely and experiences are positive. Finland has been
a pioneer in utilisation of biomass and peat in combustion processes. The co-com-
bustion techniques are highly advanced. Specially, the fluidised bed combustion
technique has been very successful.
Funding for the work was provided by the Finnish Environment Institute,
Technology Development Centre Tekes and Finnish Energy Industries Federation
Finergy.
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General information
Chapter 1 gives general information on the Finnish energy consumption and sup-
ply, focusing on the consumption fuels in large combustion plants. Also time se-
ries of SO2 and NOX as NO2 emissions are given and the environmental benefits
of district heating discussed. Finally, the scope of the report is defined.
1.1 Large combustion plants in Finland
1.1.1 Energy supply
The primary energy consumption in Finland in 1998 amounted to 34.5 Mtoe. Of
this, 25.6 Mtoe were fuels and industrial waste heat. The primary energy equiva-
lent of nuclear, hydro and imported electricity amounted to 7.5 Mtoe, in which a
notional 35 % apparent primary energy efficiency was used. Typical to the Finn-
ish energy supply is also the unusually high share of wood and wood residue fu-
els, altogether 5.5 Mtoe, i.e. 16 % of the total. The wood based primary energy
consists of black liquor (3.2 Mtoe), pulp and paper industry wood and wood resi-
due (1.6 Mtoe), and of small scale use of firewood (1.1 Mtoe). Black liquor is the
spent cooking liquor from pulp industry. The primary energy consumption per
capita in Finland was 6.4 toe in 1997, while the OECD Europe average was 3.4 toe
(Energiatilastot 1999).
The Finnish power generation amounted to 67.3 TWh in 1998. Half of it came
from the non-fuel nuclear and hydropower. With net imports of 9.6 TWh, the to-
tal electricity supply was 76.6 TWh. The per capita consumption of electricity in
Finland was 14.5 MWh in 1997, while the OECD Europe average was 5.4 MWh.
Another unusual feature is the very high share of cogeneration of power and heat
in fuel based power generation. Cogenerated power amounted to 25.2 TWh in
1998, while only 6.9 TWh were generated in conventional coal or peat fired con-
densing plants (Energiatilasto 1999).
The in international comparison high per capita consumption of both elec-
tricity and primary energy is mainly explained by the strong pulp and paper and
basic metal industries. The cold climate and the long transport distances are con-
tributing factors, too. Further details of the Finnish energy supply can be found in
Appendix 1.
1.1.2 Large combustion plants
Large combustion plants (LCP) in Finland are found among the condensing pow-
er plants, cogeneration power plants for industry and district heating, and among
the peaking heat only boilers (HOB) in district heat and industrial heat distribu-
tion systems. Conventional condensing power plants are the least important of
these, because power generation in Finland is dominated by cogeneration, nucle-
ar and hydro generation, in this order by annual volume.
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Of the total primary energy input, one third consists of (mostly solid) fuels
consumed in large combustion plants. Another third consists of other fuel use,
mainly oil in transportation and local heating. The rest includes electricity specif-
ic non-fuel inputs: nuclear and hydro generation and electricity imports.
From the viewpoint of large combustion plants, the special characteristics of
the Finnish energy system can be summarised in three rather unusual features:
• the very high share (72 %) of cogeneration as a consumer of LCP fuels,
• the high share (15 %) of biomass and biomass (excl. black liquor) in the LCP
fuel mix,
• the very low share (14 %) of LCP fuels burned in condensing power plants
The high share of cogeneration is largely explained by the high market share of
district heating and strong forest industries. The very low share of fossil based
condensing power results from the extensive use of cogeneration, nuclear, hydro
generation and imported power. A more detailed picture of the estimated Finnish
LCP fuel use is given in Table 1 below. Because black liquor is no more included in
the figures, coal takes the position of the most important LCP fuel, closely followed
by natural gas, peat and biomass. The fuels burned in cogeneration plants consti-
tute 72 % of the total LCP fuels.
Table 1. Fuels in Finnish large combustion plants in 1998.
Coal Peat Bio- Natural Oil Other1 Total Total
mass gas
Mtoe Mtoe Mtoe Mtoe Mtoe Mtoe Mtoe %
DH cogeneration 1.19 0.79 0.35 1.34 0.09 0.00 3.76 33 %
Industrial cogeneration 0.77 0.54 1.08 1.10 0.70 0.24 4.43 39 %
Condensing power generation 0.98 0.40 0.07 0.05 0.05 0.00 1.55 14 %
Heat only generation 0.16 0.08 0.20 0.41 0.46 0.26 1.57 14 %
Totals 3.10 1.81 1.70 2.90 1.30 0.50 11.31 100 %
Fuel share % 27 % 16 % 15 % 26 % 11 % 4 % 100 %
Source: (Energiatilasto 1999) & author’s estimates
1) Coke oven & blast furnace gas; refinery gases; LPG
Some 50 % of the Finnish households are connected to district heating systems.
As a result, in 1998, cogeneration in district heating accounted for 20 % of the in-
digenous power generation. The corresponding figure for industrial cogeneration
was 18 %. Cogeneration in Finland is four times the conventional fuel based con-
densing power generation (Energiatilasto 1999). The total share of cogeneration
plants is 72 % of the total LCP fuel consumption in Finland, with the share of in-
dustry slightly bigger than that of district heating. Therefore the majority of the
Finnish LCP experience is in relation to boilers and gas turbines in the 50–300 MW
fuel input range. Further details of the LCP fuel consumption can be found in
Appendix 1, and a listing of the Finnish LCP plants in Appendix 2.
Because of the existence of the large hydro capacity in the Nordic countries,
there is little need for fuel based daily peaking power plants in Finland. The co-
generation plants are operated mainly based on the heat demand, in that sense
electricity is a by-product. The Nordic condensing power capacity – mainly in
Denmark and Finland – is in use in any given year dependent on the availability
of hydro generation – mainly in Norway and Sweden. At the time of this writing,
not all of the installed condensing capacity was considered necessary in the Nor-
dic countries. As a result, several coal and HFO fired condensing units are moth-
balled, among these two 250 MWe coal fired units in Finland.
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The unified and liberalised Nordic power market creates a situation, where
oil based condensing power is not competitive. Even HFO based cogeneration in
existing plants is not competitive for the most part of the year. The coal or gas fired
condensing power plants or combined cycle power plants operate in merit order
regardless of the national boundaries, unless the transmission network becomes a
constraint. Therefore any tightening of environmental regulations relating to large
condensing power plants in one country without the corresponding measures in
the other countries makes such an action self-defeating. The lowest marginal cost
producers on the Nordic market always produce the fossil fuel based condensing
power. This was clearly demonstrated, when Finland introduced a carbon tax on
power plant coal, while Denmark did not. The expected tax revenue did not ma-
terialise, the coal based condensing generation did not decrease, but simply shift-
ed to Denmark, and the power price went up. Eventually, Finland was forced to
repeal the carbon tax in power generation. When the EU-wide liberalised power
market develops, similar situations may arise on the European level.
1.2 Pollutants from large combustion plants
1.2.1 Development of SO2 and NOX emissions
The SO2 mainly originates from large combustion plants, and, to some extent, also
the processes of pulp and paper industry are significant emitters. With regard to
NOX, the biggest polluters in Finland are still road vehicles, however, the contri-
bution of LCPs is also significant. With today’s techniques for particle removal
from the flue gas, the LCPs play a minor role in particulate emissions; the big
emitters are the numerous small wood burning hearths and stoves, distributed all
over the sparsely populated areas of the country.
When the SO2 and NOX as NO2 balances for Finland are estimated, we find
that only a minority of the SO2 and NO2 pollution originates from indigenous
sources. Most of these pollutants are carried by winds from countries to the west
and south-west of Finland. There is also a considerable SO2 load in the south-east-
ern part of the country, originating from the big oil shale burning power plant in
Figure 1. Development of emissions of SO2 and NOX from power generation in Finland.
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Narva, Estonia. In Fig. 1 we see the development of SO2 and NOX as NO2 emissions
from power generation in Finland. There has been a big decrease in SO2, while the
NOX as NO2 emissions have been more difficult to curb. The sudden decrease in
emissions in 1980–1982 was caused by the four nuclear units commissioned in a
rapid succession prior to said period. More details on the emissions can be found
in Appendix 4.
1.2.2 Effect of district heating on air quality
With regard to the district heating boilers, which are typically located within or
close to the population centres, the very beneficial effect of district heating on the
local air quality should be pointed out. A few big and well-maintained boilers with
flue gas cleaning and with high stacks replace a great number of individual heat-
ing installations with low stacks and often poorly controlled combustion (there is
no gas available for heating in most places). As a result, the total emissions of par-
ticulates, CO and unburned hydrocarbons are reduced considerably. With mod-
ern technology, there need not be any appreciable increase in SO2 and NO2 emis-
sions either, even if the fuel quality in the district heating boilers were lower than
that of the fuels it replaces in individual heating. With the same quantity of total
emissions, the high stacks result in a high degree of dilution before the pollutants
reach the ground level. This causes local air quality in the district heated cities and
villages to be far better than it would be using individual heating.
In all major Finnish cities the market share of district heating exceeds 80 %,
and some 50 % of the space heating demand in the country is met by district heat-
ing. In 1998 the district heat gross demand was 28.3 TWh, of which cogenerated
heat accounted for 23.3 TWh, i.e. 82 %. Distribution losses were 9.7 % of the total
generation at 2.7 TWh.
An illustrative example of the improvement in energy efficiency, emission
reduction and the environment is the city of Helsinki. It started district heating in
the 1950s and is now close to saturation with 92 % of all buildings connected to
the district heating network. During the last decade, the partial substitution of
natural gas for coal also contributed to the decrease in emissions. Some key indi-
cators of the Helsinki energy supply can be found in Table 2 below. The increase
in electricity consumption and energy supply efficiency and the big decrease in
specific emissions and measured SO2 concentrations can be seen in it. In Helsinki,
the trend of total SO2 emissions has also been strongly downwards over the past
two decades, while the decrease in total NO2 emissions only began a decade ago.
Table 2. Key figures of the Helsinki energy supply 1960–1998.
1960 1975 1998
Electricity supply GWh/a 583 1 667 5 023
District heat supply GWh/a 357 3 305 7 054
Market share of district heating  % 8 60 92
Energy efficiency of Helsinki Energy % 47 77 88
Specific heat consumption in buidlings kWh/m3/a 65 58 43
Emissions of SO2/produced net energy ton /GWh 5.8 1,6 0.3
Emissions of NO2/produced net energy ton /GWh 1.9 1,5 0.4
SO2 concentration annual average microgram/m3 n.a. 41 2–61
Source: Helsinki – the Energy Efficient City (brochure)
1) Range of values measured in different locations
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1.3 Scope of report
This report confines itself to the pollution prevention techniques applied at a large
combustion plant site. It is therefore focused on techniques used to prevent air-
borne pollution such as SO2, NOX and particulates. Environmental issues outside
the site are not discussed in any detail. However, in connection with the waste
materials from the LCP plant, such as slag, flyash, gypsum, etc., the impact of their
quality on their recycling and acceptability on normal waste dumpsites are brief-
ly discussed.
Pollution issues related to condensing power plant cooling water are dis-
cussed only in a broad outline, because industrial cooling is in the Sevilla process
an object of a separate BREF report. Black liquor recovery boilers are not includ-
ed; they are part of the pulp and paper industry BREF report. Big gas turbines, not
covered by the current LCP directive, are included, because they will be included
in the amendment to the LCP directive currently being prepared by the Europe-
an Union.
Apart from techniques applied on LCP sites, the report also discusses in
Chapter 2 structural choices within energy systems with a significant impact on
the system-wide energy efficiency and hence on emissions. These include, in par-
ticular, the use of cogeneration of power and heat in district heating and industry,
fuel choices and energy conversion efficiency in condensing power plants.
The report is particularly focused on the Finnish experience of large combus-
tion plants in the sense that a more thorough treatment is given to issues of par-
ticular interest to Finland, e.g. biomass and peat. Special emphasis is also placed
on such Finnish experience that is believed to be of particular interest to the EU-
wide audience, e.g. cogeneration and fluidised bed combustion. Despite the clear
national focus, an attempt is made to give to the reader at least an outline of the
larger picture of the best available techniques for pollution abatement in large
combustion plants.
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Applied processes and techniques
In this chapter we discuss the processes and techniques that have found their
applications at large combustion plants. The chosen points of view are, on one
hand, those taken from the energy system level, and, on the other hand, those
from the theoretical basis of the key technical processes: steam and gas turbine
cycles for power generation, combustion and flue gas cleaning.
2.1 Condensing power plants
In most countries, fossil-fuelled condensing power plants are the backbone of the
power generation system. As we have seen, this is not so in Finland. Nevertheless
there are in Finland several fossil-fuelled condensing plants, which consume con-
siderable quantities of coal and peat. Because the coal is imported, mainly from
Poland, only good quality coal with low ash and water contents is used (both typ-
ically around 10 %). In the EU, most of the fuels fired at LCPs are fired at large
condensing power plants, in Finland the share of condensing at LCP fuels plants
is only 14 %.
2.1.1 Steam only condensing power plants
In condensing power plants, fuel is burned in steam generator (boiler) furnaces.
In the furnace, and in heat exchangers arranged into the flue gas path after the
furnace, heat from the hot combustion gas is transferred into the steam and water
flowing inside the boiler tubes, where high pressure (160–300 bar) and tempera-
ture (530–600 °C) steam is generated. This steam is then expanded in a steam tur-
bine, which drives an electric generator. The steam exhausted from the steam tur-
bine is condensed to water in a vacuum at a temperature of 15 to 45 °C. In a water-
cooled condenser, there is a great number of small-diameter tubes, the cooling
water flows inside the tubes and the turbine exhaust steam is condensed on the
cold outer surface of the tubes. From the condenser, the boiler feed water is
pumped back into the boiler through the regenerative feed water heating system,
in which the water is heated in 6–9 stages by steam extracted from the turbine,
hence the name regenerative feed water heating. The heated feed water enters the
boiler at a temperature of 240–300 °C. Figure 2 below describes, in a broad outline,
the structure of a condensing power plant, with emission abatement equipment
highlighted in boldface text.
In the majority of the steam only condensing power capacity in operation to-
day, the fuel input to power output ratio (heat rate) is around 2.5 (i.e. efficiency e =
40 %; LHV). In other words, for each unit of power output, 1.5 units of heat is re-
jected into the atmosphere via the stack and into the cooling system mainly via the
condenser. The established standard practice since the 1960s has been to use either
natural circulation boilers with the boiler steam pressure at around 170 bars, or
once-through supercritical boilers with a pressure at around 240 bars. In both cas-
es, the superheating and reheating temperatures have been around 540 or 570 °C,
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depending on the selected tube materials. Using the most advanced high tempera-
ture materials, coal-fired condensing power plants with a steam pressure of ca 300
bars and a steam temperature approaching 600 °C have been built recently. For ex-
ample, a coal-fired condensing plant with a net heat rate of 2.08 (e = 48 %) has been
commissioned in 1998 in Denmark using direct water cooling (MPS 1998).
Niederaussem K in Germany is another example of the latest condensing
power technology. Its commissioning is planned for year 2002, and it will achieve
a net heat rate of 2.22 (e = 45 %) with lignite fuel and a wet cooling tower (Heit-
Figure 2. Coal-fired condensing power plant process in principle.
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müller R.J. u. Kather A 2000; Pruschek R. & al. 1999). Most of the new coal or lig-
nite-fired condensing power plants built in the 1990s have had a heat rate of
around 2.3 (e = 43 %). The newest Finnish condensing plant, Meri-Pori power
plant, commissioned in 1993, has a net heat rate of 2.30 (e = 43.5 %) (EPI 1994).
When possible, direct once-through cooling is used to achieve the lowest possible
condenser pressure and a temperature to maximise the plant power generation
efficiency.
The condensing power plant units of today are usually quite large, typically
with power outputs from 300 to 900 MW. At such big plants, the fuel is burned in
atomising spray burners (oil) or pulverised coal burners. As bigger fluidised bed
combustion (FBC) boilers have become available, they have also found their ap-
plications at the smaller condensing plants. Currently, the largest condensing FBC
power generation unit in operation has a power output of 250 MW, and concept
studies exist for a 600 MWe unit. To control the NOX emissions, special low-NOX
burners and other primary NOX abatement techniques are used. If these measures
are not sufficient, selective catalytic (SCR) reduction or selective non-catalytic re-
duction (NSCR) with urea or ammonia can be used to remove NOX from the flue
gas. In Finland, there is currently (March 2001) only one condensing power plant
with SCR, the 550 MWe Meri-Pori coal-fired plant.
Flue gas desulphurisation at condensing power plants is typically performed
with scrubbers fitted between the steam generator and the flue gas stack. If fluid-
ised bed combustion is used, desulphurisation is best achieved in the fluidised bed
itself by adding calcium carbonate into the bed, and no end of pipe desulphurisa-
tion plant is needed.
The oldest environmental protection measure at conventional condensing
power plants is the removal of ash and char particles from the flue gas. For this
purpose, the most popular method is the electrostatic precipitator. Baghouses with
fabric filters are also frequently used.
2.1.2 Combined cycle power plants (CCGT)
Today, about half of the new power generation capacity ordered consists of the
combined cycle power plants. At these, a gas turbine is combined with a steam
turbine to generate electricity. For technical and cost reasons, the only practicable
CCGT fuels are natural gas and light fuel oil (as a reserve for interruptible gas).
At combined cycle power plants, gas turbines generate power at an efficien-
cy of ca. 33–38 %. The gas turbine exhaust gas typically has a temperature of 530–
630 °C, depending on the turbine type and ambient conditions. This hot gas is led
to a heat recovery steam generator (HRSG), where it is used to generate steam,
which then expands at a steam turbine power plant inprinciple similar to the one
described above. The great attractions of a CCGT plant are its low heat rate and
low investment cost, which have made CCGT competitive, despite the high cost
of the natural gas fuel. In the past 20 years, the heat rate of a CCGT plant has de-
creased from 2.2 to 1.7, i.e. the LHV efficiency has grown from 45 % to 58 %. Gas
turbines are currently still undergoing rapid development, making possible a
CCGT heat rate below 1.67 (efficiency over 60 %) in the near future. In a CCGT
plant of today, approximately 2/3 of the output comes from the gas turbine, 1/3
from the steam turbine. The structure of a combined cycle power plant is present-
ed in Fig. 3.
Because less than 1/3 of the oxygen in the gas turbine inlet air is consumed
for combustion in the gas turbine combustor, supplementary firing of fuel in the
gas turbine exhaust gas is possible. In modern CCGTs, this causes a slight increase
in the power generation heat rate, and it has been seldom used at condensing
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CCGTs. However, in industrial cogeneration, it is frequently used as a means to
controlling HRSG steam generation independently of the gas turbine output. In
cogeneration applications, supplementary firing also improves the overall efficien-
cy of heat and power generation.
Because both natural gas and light fuel oil are very clean fuels and allow a
practically complete combustion in gas turbine combustors, there are no problems
with ash, char or SO2 at CCGT plants. The only problem is NOX, which, at mod-
ern plants, is controlled by using special low-NOX burners. In older burners, the
NOX can be controlled by water or steam sprays into the burners, but it happens
at the expense of the plant heat rate. In some regions, an extremely tight control
of NOX has been considered necessary; in those regions, selective catalytic reduc-
tion with ammonia is added to the HRSG.
Gas turbines are inherently very noisy, therefore they are built into special
noise attenuation enclosures, and there are silencers integrated into the gas tur-
bine air intake and exhaust gas outlet channels.
Figure 3. CCGT power plant for DH cogeneration in principle.
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2.1.3 Emerging power generation techniques
Integrated coal gasification combined cycle (IGCC) and pressurised fluidised bed
combustion (PFBC) are two emerging power generation techniques, which can be
considered to be in the late demonstration or early commercialisation phase of
development, depending on how one chooses to assess the so far somewhat dis-
couraging operation experiences. Both of them hold the triple promise of higher
efficiency, better environmental performance and lower power generation costs
in comparison to the conventional power plants described above. A more detailed
discussion of these technologies can be found in Chapter 6 of this report together
with other emerging power generation technologies.
2.2 Cogeneration of heat and power (CHP)
We have found that only a fraction of 40 % to 60 % of fuel energy (measured as
the fuel lower heating value LHV) can be converted into electric power at electric-
ity only power plants. The rest is lost as low temperature waste heat into the air
and water. Because a lot of heat is also needed by the end users in space heating
and many industrial processes, one is led to ask how this rejected heat of condens-
ing power plants could be made useful. The thermodynamic answer to this is quite
simple: Raise the temperature of the rejected heat to the useful level required, say,
to 70–120 °C in space heating and 120–200 °C in industrial processes. However, this
always happens at the cost of power generation. This simultaneous generation of
power and useful heat is usually referred to as cogeneration or combined heat and
power (CHP).
Cogeneration is a means to improving energy efficiency by influencing the
energy supply system structure. In all cases, cogeneration saves fuel in compari-
son to separate generation of heat and power from fossil fuels. If the local heat load
is big enough, and consequently the cogeneration plant big enough, cogeneration
Figure 4. Energy balance comparison of condensing cogeneration power plants.
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also saves money. Technically, all condensing power plant types discussed above
can be modified for cogeneration.
One obvious application of cogeneration is space heating, provided there is
a large enough district heating system as a heat consumer. For heating, a fairly low
temperature level of the rejected heat is sufficient. In the Finnish district heating
systems, the return water temperature hovers around 50 °C and the outgoing flow
water temperature varies with heat demand from 75 to 120 °C, with 85 °C being a
representative average value. When this hot water is used as cooling water in the
condenser instead of cooling with cold water of 1–20 °C, the loss of electric power
for each 1 MWth of heat recovered at 85 °C is from 0.1 to 0.15 MWe, a good bargain.
This in energy terms small but economically big difference between a district heat
cogeneration plant and a condensing power plant is illustrated in Figure 4.
In industrial applications, the heat is usually consumed as steam with pres-
sures ranging from 3 to 16 bars, for which the condensing temperatures are 134 to
202 °C respectively. The loss of electric power compared to a condensing plant is,
in this case, already considerable. Nevertheless, in large enough applications also
industrial cogeneration is profitable.
Due to the economies of scale in power plant investment and operation costs,
small cogeneration plants may be uneconomic in conditions where large ones can
be very profitable. The success of cogeneration in Finland has been essentially
achieved without state subsidies, and it is attributable to a number of factors, of
which the two below are of overriding importance:
(i) there are large concentrated industrial heat loads in the pulp and paper in-
dustry,
(ii) in the cold climate, large district heating schemes could develop in the ab-
sence of natural gas.
In making comparisons between separate condensing power generation and co-
generation, the problem of assigning the investment, fuel and other operating
costs to the two marketable products arises. Therefore, for example, the heat rate
of cogenerated electric power is dependent on its definition, and opinions differ
as to the most appropriate way of doing it. For simplicity, in this discussion the fuel
consumption is assigned as pro rata to the power and heat outputs. With this def-
inition, the heat rate in cogenerated power and heat typically ranges from 1.1 to
1.2 at nominal load. This is quite favourable in comparison to the typical values of
2.3 and 1.8 in modern conventional condensing and CCGT plants respectively. In
today’s liberalised power market, the discussion on the appropriate assignment
of cost is not commercially relevant, although it is necessary, if the fuels for power
and heat generation have different tax regimes, as is currently the case in Finland.
Commercially, the value of electricity in today’s liberalised power market is not
determined by its cost of generation at an individual plant – in whichever way
computed. The power market determines the electricity price. Similarly, the heat
market determines the commercial value, i.e. the price of heat. In principle, it is
the cost of the least expensive available alternative means of heat generation.
Another important quantity describing a cogeneration power plant is its pow-
er/heat output ratio. Obviously, because electric power is economically two to four
times as valuable as heat, we would prefer to have as high a power/heat ratio as
possible in combination with a low overall heat rate. Here again the laws of phys-
ics set the limits. As explained above, the higher the temperature level of the re-
covered heat, the less power and more heat is gained from the process. In this re-
spect, the combined cycle (CCGT) is far more favourable than the conventional
steam process. At a condensing CCGT, 2/3 of the power output come from the gas
turbine, and cogeneration-related power loss only occurs in the steam turbine
producing 1/3 of the output. The power / heat output ratio of a CCGT at nominal
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load can be 1.1 in district heating applications and 0.9 in the pulp and paper in-
dustry, while the figures in steam only cogeneration are 0.6 and 0.3 respectively.
The annual average figures are typically clearly lower, due to, among others, part
load operation and start up / shut down cycles.
In Table 3, the total system heat rates (the three columns on the right) are
comparable in each row. They tell how much fuel is needed in a cogeneration sys-
tem and in a separated system with the same power and heat outputs, but with
heat and power generated separately. We can see that in each case the separated
system – whether conventional or CCGT-based – clearly consumes more fuel than
the cogeneration system providing the same energy service. When the compari-
son basis is conventional condensing power, the reduction in fuel consumption by
cogeneration ranges from 20 % for the conventional industrial cogeneration to 57
% for the district heating CCGT cogeneration. If CCGT condensing is assumed for
the separate power generation, the savings are smaller, 12 % and 34 % respective-
ly. These figures are given only to give a general idea of fuel savings through co-
generation, the actual figures always depend on the specifics of each project and
the energy supply system, of which it is a part.
For cogeneration to compete successfully in the marketplace, a high price of
electricity and a big enough local heat demand are required. For a small heat de-
mand, the plant size remains under the limit of economic competitiveness. Big
local industrial heat loads typically exist in the pulp and paper industry, in refin-
eries and in the chemical industry, and, in some cases, in food and textile indus-
tries. In Finland, the pulp and paper industry is by far the most important cogen-
erating industry.
Table 3. Indicative comparison of cogeneration to separate power and heat generation.
Power generation Power to Total cogene- Separated Separated
heat rate1 heat ratio2  ration system system heat system heat
heat rate3 rate; coal4 rate; CCGT5
Conventional coal condensing 2.3
CCGT condensing 1.8
Industrial conventional cogeneration6 5.0 0.28 1.1 1.36 1.25
Industrial CCGT cogeneration 2.4 0.9 1.15 1.67 1.43
DH conventional cogeneration 2.9 0.6 1.1 1.55 1.36
DH CCGT cogeneration 2.1 1.1 1.1 1.73 1.47
Heat only boilers / coal 1.1
Heat only boilers / HFO 1.1
Heat only boilers / gas 1.07
1) Qf/P ; Fuel input (LHV) / Net power output
2) Qh/P ; Net heat output / Net power output
3) Qf/(P+Qh); Fuel input (LHV) / (Net power + heat output)
4) Combined heat rate of producing separately in conventional coal condensing plants and heat only boilers (HR = 1.1) the
same amounts of power and heat as in the cogenerating system. To be compared with the HR indicated on the row no. 3.
5) Combined heat rate of producing separately in CCGT condensing plants and heat only boilers (HR=1.1) the same amounts
of power and heat as in the cogenerating system. To be compared with the HR indicated on the row no. 3
6) Live steam 80 bar 480 °C; back-pressure 4 bar
All figures refer to nominal full load operation.
Because, in Finland, the natural gas only became available in 1973, and then even
in a small part of the country, district heating has been able to take a big market
share in all Finnish cities without exception, and even in small towns and villag-
es. For district heating, irrespective of the possible cogeneration benefit, the con-
siderable improvement in the local air quality resulting from the disappearance of
numerous individual furnaces with low stacks is an important factor in areas
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where natural gas is not available. Today, the market penetration of district heat-
ing is in Finland close to 50 % in the space heating market. Overall, 38 % of power
generation in Finland came from cogeneration in 1998, while the EU-15 average
is 10 % (Energiatilastot 1999).
The environmental benefits of cogeneration come from each saved tonne of
fuel, when the corresponding amounts of NOX, SO2, particulate emissions and also
CO2 are avoided. When the cost of avoiding pollutant emissions is calculated,
large-scale cogeneration is one of the cheapest methods of pollution abatement,
in addition to being a method of energy conservation. From the Finnish energy
balance for 1998, on can infer that had there been no cogeneration at all, ca. 2.3
Mtoe more fuels would have been needed, if coal condensing and heat only boil-
ers had been used instead of cogeneration. This is 22 % of the total of fossil and
biomass fuels actually burned at the LCPs of the country.
2.3 Fuels used at large combustion plants
2.3.1 Hard coal and lignite
Hard coal and lignite are currently the dominant solid LCP fuels in the European
Union. Coal is transported economically over long distances by ship and a few
hundred kilometres by barge and railroad cars. Lignite is usually produced in
open cast mines, and the power plants are located next to the mine. Lignite usual-
ly contains 40–60 % of water by weight, while, in hard coal, the water content is
typically 8–15 %. Both hard coal and lignite can contain considerable amounts of
sulphur, typically 1–4 % of the dry substance. Ash content is highly variable, the
range being typically from 10 to 20 % of dry substance, but coals with up to 40 %
or more ash are sometimes used at power plants close to the mine. It is apparent
from these figures that both ash and SO2 in flue gases are important environmen-
tal issues for coal and lignite. NOX formation in coal combustion is on the high side
even with low-NOX combustion, while, in the case of lignite, low-NOX combustion
alone often achieves an acceptable level of NOX emissions.
In Finland, all coal is imported, mostly from Poland. As all coal transported
over longer distances, it is of high quality, with typically 1 % S, 11 % ash and 9 %
water. In Finland in 1998, 3.10 Mtoe of coal were burned at large combustion
plants, 27 % of the total LCP fuel use (see Table 1).
2.3.2 Fuel oils
Of the fuel oils, heavy fuel oil (HFO) is the important LCP fuel, while only small
amounts of light fuel oil (LFO) are used at large combustion plants, due to its high
price. Light fuel oil has a low sulphur content, because sulphur is removed from
it in the refinery process. In general, the use of HFO without FGD is limited by
national regulation, in Finland, the higher allowed HFO sulphur content is 1 %.
Certain HFO qualities can have quite high sulphur contents, and in those cases
flue gas desulphurisation (FGD) is necessary. The ash content of HFO is low, usu-
ally well below 2 %, but particle removal from the flue gas is needed. The oil flame
temperature is high, but the oil nitrogen content low, as a result the NOX forma-
tion is moderate.
In Finland, consumption of fuel oils at large combustion plants was 1.30 Mtoe,
i.e.11 % of the total LCP fuel use (see Table 1).
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2.3.3 Natural gas
Natural gas is a clean fuel causing practically no SO2 or particulate emissions. Also
the control of primary NOX emissions in gas fired boilers is easier than of other
fuels. Secondly, most of the natural gas-fuelled LCP applications offer a lower
power generation heat rate at the CCGT plants than conventional condensing
power plants using oil or solid fuels.
The CO2 emissions from natural gas combustion are inherently far lower than
from other fossil fuels. Obviously, the low heat rates in comparison to other fuels
is an important contributing factor, as less fuel is needed. Another important fac-
tor is the low CO2 emission of natural gas in relation to the heat released in com-
bustion. The difference is particularly pronounced, when we compute the CO2
released per kWh of electricity generated, when both the lower CCGT heat rate
and the low CO2 per MJ heat released come into play, as shown in Table 4.
In Finland, natural gas consumption at large combustion plants was 2.9 Mtoe,
i.e. 26 % of the total LCP fuel use (see Table 1).
2.3.4 Peat
Within the EU, peat is significant as an LCP fuel only in Ireland and Finland. Peat
as a fuel in Finland was quite insignificant at the beginning of the 1970s, with a 0.1
% share of the primary energy input. With rising import fuel prices, peat has
gained a strong position, with a 6 % share of the primary energy input and a 16 %
share of the LCP fuels in 1998.
Peat bogs deep and large enough for economical peat production occur in all
parts of Finland, and only a small fraction of them are being exploited, because no
demand for peat can be found at an economical distance. Peat is a relatively clean
fuel characterised by low ash and sulphur contents, typically around 5 % and 0.5
% respectively of the dry substance. Peat has a high volatile content and is very
reactive, if its moisture content falls below 40 % (see Table 4). In large-scale, it is
typically used as milled peat, produced during May to August and dried to 45 to
60 % moisture by the sun and wind on the production site and subsequently
stored next to the production site. With respect to the high moisture content, peat
is comparable to lignite, while, in terms of dry substance composition, it is closer
to biomass than lignite.
Peat is a voluminous fuel with a low heating value. It can therefore rarely be
economically transported over distances of more than ca. 100 km. As a result, the
number of plants burning peat mainly consists of small-scale local cogeneration
or heat only plants for small to medium size district heating systems. A great
number of those plants in Finland are below 50 MW fuel input and, as such, do
not qualify as large combustion plants. However, in energy terms, the largest con-
sumer of peat fuel consists of the LCP cogeneration and heating plants in the dis-
trict heating systems of the (mostly inland) cities with populations in the 50 000 to
200 000 range. Overall, the district heating sector consumed 0.86 Mtoe of peat in
1998, industrial cogeneration and heating plants consumed 0.58 Mtoe, and the two
peat-fired condensing power plants with 155 and 120 MWe outputs consumed 0.40
Mtoe.
In Finland, peat consumption at large combustion plants was 1.81 Mtoe, i.e.
16 % of the total LCP fuel use (see Table 1).
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2.3.5 Biomass
Biomass is defined in the current LCP directive as the “clean” portion of vegeta-
ble matter, including the waste derived fuels, but excluding mixed municipal waste
and treated wood (see Acronyms and Definitions).
Most of the Finnish LCP biomass is barking or other residue from pulp or
sawmills. It contains 40–60 % of water and is burned on specially designed slop-
ing grates (older technique) or in fluidised beds. Although the chemical composi-
tions of the bark and wood of different species are slightly different, and the
amount of dirt and soil affects the ash content and composition, the biomass de-
rived from forestry and forest industries has, in broad terms, certain common
qualities as a fuel. The sulphur content is small and the ash content moderate (see
Table 4). Burned together with peat, the wood ash can react with the sulphur from
the peat and act as a desulphurising agent. At a closer look, the differences in fuel
moisture and consistency are considerable, which affects the fuel handling and
combustion properties. All these details need to be taken into account when de-
termining the techniques of their storage, transportation, combustion and possi-
ble flue gas treatment.
An emerging class of biomass fuel used by pulp and paper mills and at heat-
ing plants is forestry residue, i.e. small trees, treetops and branches of trees, col-
lected specifically for fuel in connection with other forestry operations. Experi-
mentation has also been going on for over two decades with growing of various
Salix-species specifically for fuel. The economics of these fuels is not very good,
due to the cost of collection and transport, and the amount used at LCPs is so far
insignificant.
The small amounts of forestry residue actually used, are usually co-fired with
other fuels at existing installations, particularly at peat or barking residue-fired
FBC plants. However, all forestry biomass is not automatically suitable for burn-
ing even at FBCs designed for peat or bark. The issue of co-firing is discussed in
more detail in the following Chapter 2.3.5.
In Finland, biomass consumption at large combustion plants was 1.70 Mtoe,
i.e. 15 % of the total LCP fuel use (see Table 1).
2.3.6 Solid recovered fuels for co-firing
Waste fuels of unknown chemical composition must be burned in dedicated in-
cineration facilities with complicated flue gas cleaning installations. Waste fuel
(and biomass) co-firing, i.e. firing waste fuels at conventional large combustion
plants together with its main fuel, is possible provided that
• the harmful emissions, in particular those related to Hg, Cd, As, Cl, K, As are
known and remain within acceptable limits
• there is no adverse effect on the boiler operation, particularly as regards ash
properties
• the fuel conveyors and feeders are capable of handling the waste
Biomass received directly from forestry or agriculture does not pose any particu-
lar environmental problems in co-firing, although technical problems in fuel han-
dling and combustion may arise. When using waste-derived fuels in co-firing, one
has to make sure that the waste fuel complies with the set environmental require-
ments. To ensure this, quality control needs to be arranged. In Finland, the quali-
ty categories and the quality control methods for waste-derived fuels for co-firing
are prescribed by the national standard (SFS 5875).
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The most suitable combustion technique for co-firing is fluidised bed combus-
tion. Co-firing of biomass and clean waste-derived fuels has been very successfully
applied at many Finnish FBC power plants, where the main fuel is peat, coal or
wood residue. However, FBC is not a solution to all fuel problems, but there are
considerable differences between fuels in terms of problems encountered in firing
them in FBC boilers. One classification of solid recovered fuels in terms of lower
heating value and difficulty in combustion is given in Figure 5 below. Peat and
barking residue are included for comparison.
Another approach must be taken, when the local fuel cannot be burned to-
gether with the commercial main fuel, due to its handling or ash properties. Then
a dedicated combustion facility must be constructed for the local fuel in connec-
tion with the bigger power plant. The following approaches have been applied:
• An uncooled furnace, from which the hot flue gas is led into the main boiler
for heat recovery
• An uncooled gasifier, from which the generated gas is led to the main boiler
for combustion
• A separate complete boiler for the local fuel.
The cost disadvantage of a separate boiler of gasifier compared to co-firing in an
FBC boiler is obvious. In Denmark, several separate combustion facilities for straw
combustion have been constructed in connection with coal or gas-fired large com-
bustion plants (Johnsen F. 1999). The gasification has been demonstrated at a Finn-
ish and an Austrian power plant (Nieminen J. & al. 1999; Anderl H. 2000).
Figure 5. Classification of solid recovered fuels (Courtesy of Foster Wheeler Energia Oy).
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2.3.7 Comparison of fuels
From the emission point of view, the important aspects of fuel are its contents of
ash, sulphur, heavy metal and, to a lesser degree, of nitrogen and water. The key
characteristics of the most common Finnish LCP fuels are given in Table 4 below.
There are more examples of fuel data for individual boilers in Appendix 6.
Table 4. Comparison of LCP fuels used in Finland, typical values.
Steam coal1 Milled peat Bark Wood2 HFO Natural gas
Moisture % 10 50 55 40 0.5 < 0.1
Ash % of dry matter 14 3–6 2–3 0.4 <1 0.0
Volatile matter in dry fuel % 25–35 70–80 80–90
Sulphur of dry substance % < 1 0.5 < 0.2 0.05  <1 0.0
Fuel nitrogen compounds % 1 1. 0. 0.5 0.3 0.05
Cl mg/MJ fuel LHV 3 < 0.1 <0.03 <0.01
As – “ – 3 0.14 0.1 0.01 0.01 0.04
Cd – “ – 3 0.15 0.004 0.015 0.01–1.1 – –
Hg – “ – 3 0.003 0.003 0.1 0.001–0.009 < 0.0001 –
Ni – “ – 3 0.4 0.3 0.04 0.03 0.9 –
Pb – “ – 3 0.5 0.3 0.15 0.1–0.7 0.06 –
Fuel bulk density kg/m3 1350 350 350 200 987
Fuel bulk LHV GJ/m3 34.3 2.9 2.5 2.1 40
LHV of dry substance MJ/kg 28.7 20 19 19 40.2 48
Lower heating value LHV MJ/kg 25.5 8.4 7.2 10.4 40.1 48
Stoichiometric flue gas m3n/MJ 0.278 0.383 0.435 0.357 0.277 0.297
Stoichiometric dry flue gas m3n/MJ 0.253 0.281 0.291 0.259 0.246 0.239
CO2 in g/MJ LHV 90 106 113 100 76 54
Power gener. HR kWh/kWh (LHV) 2.3 2.3 2.3 1.8
Emitted CO2 per electric kWh g/kWh 207 244 175 96
Assumed power plant technology conv. cond. conv. cond. conv. cond. CCGT
1) Polish export coal
2) Wood chips
3) Order of magnitude figures only. For more details see Appendix 3, Table 1.
Another important aspect of a fuel are its handling and combustion characteris-
tics. Especially problematic are many waste fuels both in terms of handling, com-
bustion and possible releases of harmful substances. One classification of waste
fuels, in terms of ease of handling and combustion in fluidised beds, suggested by
Foster Wheeler Energia Oy is given in Fig. 5.
As regards various trace metals, their contents in fuel varies, depending on
the source of the fuel. Among commercial fuels, coal usually contains more trace
metals than other fuels, with vanadium in heavy fuel oil being the notable excep-
tion. Water treatment sludges, which sometimes are co-fired at large combustion
plants, can also show quite high concentrations of trace metals. For more details
see Appendix 3.
Trace metals in fuels remain, for the most part, bound to the ash and other
particles and will be removed from the flue gas flow together with them. Some
trace metals, mercury in particular, also appear in vapour phase and are not cap-
tured by particle collectors. The observed levels of atmospheric emissions and re-
tention in ash of As, Cd, Hg and Ni are illustrated in Chapter 3 by way of four
example plants.
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2.4 Overview of the traditional combustion techniques
2.4.1 Oil and gas burners
In Finnish conditions, heavy fuel oil at large combustion plants is mostly used in
mid merit or peaking operation in industry and district heating applications. The
more expensive light oil is used at LCPs mainly for start-up and similar sporadic
use. Heavy oil contains nitrogen 0.2–0.6 %, sulphur 0.1–0.2 % and ash 0.1–0.2 %.
Heavy fuel oil for burners is typically pressurised up to 70 bar and preheated
so that it can be atomised to small droplets (2–5 µm) or even vaporised to allow
stable combustion and a small share of unburned oil char. Pressurised air, steam
or water can be used for exciting the atomisation. The atomisation can also be done
by a mechanical spinning cup, which generates a thin conical layer of oil, which
in turn disintegrates into small droplets in front of the burner, when the cone ex-
pands and is heated by the flame.
The highest fuel output per furnace volume is typically in large boilers 250–
400 kW/m3 limited by the increase in unburned oil char and thermal NOX. Nitro-
gen oxide is formed in burners for two reasons: from combustion air for high com-
bustion temperature (so-called thermal NO) and from fuel-bound nitrogen (so-
called fuel-NO).
Nitrogen molecule and oxygen molecule cannot react directly in the combus-
tion process. The chemical bond between two nitrogen atoms is very strong. Ther-
mal NO is formed, when the nitrogen molecule of combustion air reacts with the
oxygen atom at a high combustion temperature and generates NO and N atoms
(R1). Then the N atom reacts with the oxygen molecule and generates NO and O
atoms (R2). These two reactions are called Zeldowich mechanism. It is strongly
dependent on the combustion temperature, with NO formation increasing with
the increasing flame temperature.
Another reaction generates so-called prompt NO. Here the reaction route
goes through the hydrocarbon radicals (CHi). This reaction is not dependent on
the combustion temperature.
Fuel can contain quite a lot of nitrogen in compounds, which release nitro-
gen radicals during combustion. The nitrogen content of fuels vary from 0.5 % to
2–3 %. In most cases, the fuel NO has a bigger influence than the thermal NO on
NOX emissions.
The low-NOX combustion techniques are based on influencing these known
NO formation mechanisms. Flue gas recirculation lowers the combustion flame
temperature and oxygen concentration, thereby affecting the formation of ther-
mal NO. Also, the decrease in the air/fuel ratio close to or below its stoichiomen-
tric value lowers the partial pressure of oxygen in the flame, and therefore the
reaction activity of the NO formation also decreases. Fuel NOX can be reduced by
low-NOX burners, flue gas recirculation, combustion air staging or fuel staging.
Low-NOX burners typically apply low air/fuel ratio and flame internal flue gas re-
circulation. The basic idea inr low-NOX burners is to have a reducing atmosphere
in the core of the flame and the other oxidising flame zone around the core.
Gas burners are, in principle, similar to oil burners, except that no atomisa-
tion systems are needed. The maximum capacity of one oil or gas burner is about
70 MW.
Because natural gas contains no fuel-bound nitrogen, there is no need for
operating the burners in a reducing atmosphere. The only emission to be con-
cerned about is thermal NOX , which can be controlled by keeping the flame tem-
perature sufficiently low. Natural gas has no ash, and therefore the furnace can be
sized comparatively small. The highest fuel output per furnace volume is limited
to 500 kW/m3 because of the increase in the thermal NOX.
Natural gas contains practically no sulphur.
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2.4.2 Pulverised coal and peat combustion
Nearly all large (200 MWe) power plants burning solid fuels are equipped with
pulverised fuel burners. Apart from these, pulverised firing can also be found in
considerably smaller boilers. Pulverised combustion is similar in principle to gas
or oil combustion. Coal needs to be dried and ground to small particle sizes in coal
mills so that stable flame can be maintained in all burners. The largest combustion
capacity of a single burner is about 80 MWth, and therefore the big boilers have
several burners. The burners can be located on one or two opposite walls (so-called
wall firing) or they can be located in the furnace corners (so-called tangential fir-
ing). The burners are located at the furnace height on typically 2–6 burner levels.
One mill is usually feeding fuel to one level. In the partial load operation, one or
more burner levels are taken out of operation.
Pulverised combustion is a beneficial combustion technique for boiler design.
It allows a high combustion temperature, which is important for the coal char to
burn satisfactorily. Combustion efficiency is therefore high, and the resulting fly
ash with low unburned coal content (<5 %) can be utilised for cement and in con-
crete manufacture. Large boiler units can be designed without any risk, and once-
through evaporators can be used, a precondition for high efficiency power plants.
The drawback of the high combustion temperature in pulverised coal com-
bustion is that it causes high primary NO and NO2 emissions. The modern low-
NOX burners have been developed to curb these emissions. The low-NOX burn-
ers operate at the under-stoichiometric combustion range (air ratio 0.85–0.95) and
a high combustion temperature is needed to ensure ignition. A limiting factor to-
day is the fact that the share of thermal NOX increases, if lower reduction of fuel
NOX is targeted.
Sulphur reduction in the furnace can be implemented by limestone or dolo-
mite injection, but the method is not very efficient. The principle is the same as in
the method used in fluidised bed combustion, but the limiting factors are the lower
suspension density and sintering effects caused by a higher furnace temperature
than in the case of fluidised bed combustion.
2.4.3 Grates and stokers
Grate firing is the oldest firing principle used in boilers. It has been the most pop-
ular firing system in small size boilers until the beginning of the 1980s, when the
fluidised bed combustion started its expansion largely replacing grate firing. In
Finland, most new solid fuel-fired boilers with a fuel input of over 5 MW are flu-
idised bed boilers. However, grate firing in this size range is somewhat more pop-
ular in some countries (Sweden, Denmark) and with some special fuels (wood
pellets, straw, plywood and chipboard waste and domestic waste). Today, grates
and stokers are used only infrequently at large combustion plants of fuel input in
excess of 50 MW.
The combustion process in grate firing is not so well controlled as in pulver-
ised fuel burners or in fluidised beds. The combustion chemistry and the temper-
ature can vary within the same kind of fuel particles, depending on the location
on the grate. Actually, on a grate, all fuels will first be dried, then pyrolysed and,
finally, the char is burned on the grate. Pyrolysing share of fuel energy can be
about 80 % with biofuels and drop down to 20–40 % with coal.
The typical operation principle in grate firing of coal differs from biofuels.
Sloped grates are typically used for biofuels. They can be static or mechanically
activated. For coal, travelling grates are used for the most part, and a homogene-
ous layer of coal is fed on it, or the fuel can be fed on the grate by a so-called
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spreader located on the furnace wall. The spreader throws the fuel on the grate
against the direction of the grate movement. Thus the longest burning time can
be achieved for the biggest particles, because they are thrown over a longer dis-
tance close to the entry of the travelling grate.
Sulphur removal on the grate is not possible because of the minimal contact
time of sulphur oxides with reactive alkali fed on the grate. Limestone injection
into the furnace is possible but not efficient.
NOX reduction mechanisms are the same as with bubbling fluidised bed com-
bustion. Efficient low-NOX combustion requires a sophisticated secondary air sys-
tem and special furnace design enabling two combustion zones.
2.4.4 Gas turbine combustors
The pressurised (15–30 bar) combustion of natural gas in gas turbine combustors
is more demanding than in atmospheric boilers. The outlet temperature of the
combustor is limited by the strength of the rotating turbine blade materials. The
highest gas inlet temperature values today are about 1 300 °C. The material tem-
perature of the blades can be kept at the level of 850 °C using cooling air and, pos-
sibly, also cooling steam. As the result from this limiting combustion outlet tem-
perature, the stoichiometric air ratio in combustion is 3–3.5.
Natural gas contains no nitrogen compounds in fuel except inert N2 mole-
cules, and therefore the only design criterion for the gas turbine combustor is to
keep the formation of thermal NOX minimal. In the conventional diffusion com-
bustors, air and fuel are introduced separately much in the way discussed in con-
nection with boiler burners. In the diffusion flame, fuel and air mix gradually,
which results in high local temperatures and high levels of CO and unburned
hydrocarbons. Locally, very high combustion temperatures in locations where sto-
ichiometric air/fuel ratio occurs also result in high NOX emissions.
For controlling thermal NOX formation in gas turbine combustors, both wa-
ter and steam injection into the flame is used. Both of these methods are feasible
for conventional diffusion combustors. Water molecules have good radiation prop-
erties, and therefore they smooth the temperature profile in the combustor. How-
ever, increased problems are met with the increase in the thermal stress of the
combustor and turbine blades, because of the insufficient mixing of cool and hot
gas streams. Furthermore, the use of water or steam injection to control NOX for-
mation in gas turbine combustion chambers decreases the efficiency of power
generation.
Today, diffusion flame combustors are no more built into new natural gas-
fired gas turbines. Instead, the so-called dry low-NOX combustors are used. They
are based on premixing of fuel with the combustion air flow before the combus-
tor zone. The premixing prevents any local high temperature areas from forming
in the flame, which again decreases the NOX formation considerably in compari-
son to the diffusion flame. In part load operation, the share of diffusion flow in-
creases and the emission level rises.
When light fuel oil is used, premixing cannot be used, but each fuel droplet
burns by necessity in the diffusion mode. The only feasible low-NOX techniques
for LFO are water or steam injection.
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2.5 Fluidised bed combustion
2.5.1 Description of fluidised bed combustion
Bubbling fluidised bed combustion (BFBC) is a modern combustion technology
especially suitable for unhomogeneous biofuels. BFBC consists of a 0.5–1.5 m high
bed on the fluidising air distribution plate. The fluidising velocity is about 1m/s.
The density of the bubbling bed is about 1 000 kg/m3. Bed materials used can be
sand, ash, fuel, dolomite, limestone, etc. The particle size distribution in the fluid-
ising bed material is typically within 0.5–1.5 mm. Smaller particles will be carried
out with the fluidising gas flow, and larger particles will sink onto the distribution
plate.
Circulating fluidised bed combustion (CFBC) differs from BFBC by two fac-
tors. The bed material particle size is 0.1–0.6 mm and the fluidising velocity is 4–6
m/s. These change the fluidising conditions so that part of the bed material is car-
ried out from the bed, and it transits through the furnace to the second pass of the
boiler. These particles exiting the furnace are separated from flue gas flow by a
cyclone or other separation methods like U beams, and circulated back to the flu-
idised bed. The separation can be done in the middle of the second pass and, in
part, also at the outlet of the boiler pass, where also electrostatic precipitators and
fabric filters can be used.
CFB includes a bubbling fluidised bed at the bottom of the furnace. The sus-
pension density above the bed decreases with the furnace height, because the bed
material recycles in the furnace along the furnace walls. The suspension density
at the outlet of the furnace is typically 5–30 kg/m3. This high share of circulating
inert material smoothens the temperature profile throughout the furnace. There-
fore the cooling surfaces can be located freely in the furnace or in the bed materi-
al circulation loop. In the furnace, very smooth heat transfer is achieved to all heat
transfer surfaces, because the heat radiation of the dense suspension is not de-
pendent on the radiation properties of the flue gases.
Fluidised bed combustion is in fact not very different from other combustion
techniques. Bubbling fluidised bed combustion resembles in many respects grate
firing. The main benefit for combustion is the better temperature control off
“grate”. Circulating fluidised bed combustion resembles pulverised fuel combus-
tion or burner combustion. One difference is also the comprehensive temperature
control of the furnace, which ensures the ignition of the fuel without the existence
of a high temperature flame.
2.5.2 Comparison between bubbling and circulating fluidised bed
techniques
The temperature of fluidised bed is typically 800–900 °C. The lower limit comes
from the combustion reactivity of the fuels and the upper limit from the starting
of the fuel ash sintering.
In BFBC, the fuel is fed into the bed. Biofuels dry and pyrolyse instantly in
contact with the hot bed. 30–40 % of combustion air is used as the fluidising air
and the rest is used for the combustion of pyrolysis gases in the so-called freeboard
above the bubbling bed. Most of the finest particles also burn in the freeboard. The
combustion temperature in the freeboard can be up to 1 100–1 200 °C or locally
even higher. The bubbling bed actually operates as an adiabatic combustor of fuel,
and the low combustion temperature is a result of using the under-stoichiometric
air ratio in the primary combustion zone.
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In the freeboard of the BFBC furnace, other burners can be located and oper-
ated simultaneously with the bed. For example gas, oil and coal burners have been
used.
Fuel need not be pulverised or dried for use in fluidised bed boilers. It is suf-
ficient to mechanically crush the fuel to facilitate its feeding into the bed. Fluid-
ised beds can tolerate quite a wide particle size distribution and high moisture
content because of the stabilising effect of the bed. Some size limitations are con-
nected to the rotary fuel feeders. On the other hand, the pre-processing of reac-
tive fuels is safer, if they contain a moderate share of moisture. The risk of explo-
sive dust formation and fires in fuel processing and transportation are normally
controlled, if the fuel moisture content is more than 40 %.
Heat transfer surfaces would corrode and erode, if they are located in a flu-
idised bed with a reducing atmosphere, on the average. The heaviest wear occurs,
if the reducing and oxidising atmospheres continually alternate. Therefore the
boiler tubes in the bubbling bed area are protected by fireproof ceramic coatings.
Vertical heat transfer surfaces located in the oxidising zone, such as membrane
walls of the furnace, resist the wear by bed materials best.
Heat transfer makes the main difference between the two fluidised bed com-
bustion techniques. Coal contains only a low share of volatiles, which can be py-
rolysed in the bed. About 60–80 % of coal consist of char, which can only be com-
busted. If this share remained in the adiabatic bubbling bed, it would accumulate
there, unless more air is introduced for fluidising and combustion. Accumulation
cannot be allowed, because even a short-term accumulation increases the risk of
losing bed temperature control. For this reason, the circulating bed is the only fea-
sible fluidised bed combustion technology for coal as main fuel. The necessity to
burn coal char in the bed renders adiabatic combustion in a bubbling bed unfeasi-
ble. The bed energy balance requires that a substantial amount of combustion heat
is released outside the adiabatic bubbling bed, because in the bed the released
energy can only be used for pyrolysis and evaporation of water in the fuel.
Figure 6. Description of the bubbling fluidised bed boiler and the circulating fluidised bed boiler.
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The selection between grate firing and fluidised bed firing depends on the
quality of the ash and the share of physical impurities in the fuel. Fuels with a low
ash melting point cannot be burned in a fluidised bed, because the fluidisation will
be disturbed quite rapidly. Heavy physical impurities such as metal particles in
domestic waste cannot be fluidised, and they sink onto the air distribution plate,
disturb the fluidisation and are difficult to remove from the furnace. However,
new solutions for keeping the bed operational with these fuels has been developed
lately and implemented successfully.
2.5.3 SOx and NOx control in fluidised bed combustion
When a fuel containing sulphur is combusted, sulphur dioxide and sulphur triox-
ide are generated. In a circulating fluidised bed, sulphur oxides can be captured
by using dolomite or limestone as bed material. Dolomite or limestone is calcined
in the bed by the influence of heat, and the calcined lime reacts with sulphur ox-
ides forming calcium sulphate. An about 90 % reduction is possible with Ca/S mole
ratio 2. The bed temperature in CFB (850 °C) is optimal for calcium-based sulphur
recovery.
In a bubbling bed, the combustion mainly occurs in the freeboard zone, and
the dense suspension only exists in the bubbling bed. Therefore the efficiency of
sulphur recovery is much lower in the BFBC than in the CFBC. The reduction ef-
ficiency in the BFB is typically 30–40 %. A higher efficiency requires high Ca/S mole
ratios up to 10.
The formation of thermal NOX is avoided in fluidised bed combustion be-
cause of the low combustion temperature. Low-NOX combustion is also enhanced
in fluidised bed boilers by staging the combustion air. The staging in the CFBC is
always quite strong because of the poor horizontal mixing of gases over a dense
suspension area. The dense suspension supresses the turbulence, and the combus-
tion zone of volatile fuel components spreads upwards from the feeding point.
Figure 7. Circulating Fluidized Bed Boiler.
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Fuel nitrogen can also form nitrous oxide (N2O). The share of fuel nitrogen
to form nitrous oxide decreases to an insignificant value, if the bed temperature is
increased up to over 950 °C. A high combustion temperature can, on the other
hand, cause an increase in the emissions of nitrogen oxides (NO; NO2). In the BFB,
the risk of nitrous oxide emissions can be avoided more easily, because the tem-
perature in the freeboard can be kept much higher than 950 °C.
In the BFB also strong staging of combustion air can be implemented. The
low-NOX technology of the BFB is still developing, and different boiler companies
have different reduction rates.
2.6 Fuel storage and treatment
2.6.1 Storage, mechanical treatment and heating
The approach to fuel storage of biofuels is different from that of coal. Coal is trans-
ported in large quantities by ship or rail, and it can be stored in piles for years.
Biomasses and peat are reactive, they can catch fire or decompose, if kept in the
storage for a long time. Typically, only a few days need of biofuels or peat are
stored at the power plant site. The risk of fire can be eliminated by keeping the
moisture content above 40 %. This eliminates the raising of dust out of the fuel and
slowers the proceeding of firefront in case of self-ignition.
The ashes of biomass from different sources can behave quite differently in
combustion. For example, it is beneficial to keep straw in the fields for about a
month or so after harvesting, because even one rain decreases the amount of wa-
ter-soluble alkalis in the straw ash. These alkalis are harmful in combustion, be-
cause they lower the ash melting temperature, which again increases the sinter-
ing risk of the fluidised bed and fouls the boiler. Rain also recycles water-soluble
alkalis for the growth of the next crops.
Co-firing of wastes or several types of biomass requires two or more storage
systems so that the mixture of fed fuel can be controlled according to the quality
of the fuels.
The drying of biofuels can take place safely in connection with the fuel feed-
ing system so that no storage for dried fuel is needed. Steam dryers are safe and
have a low environmental impact. They can be connected thermodynamically, in
a beneficial manner, with the steam cycle, especially in CHP production, in which
the drying energy can be fully regenerated to heating. However, despite the effi-
ciency benefits, the regenerative fuel drying systems have seldom proved econom-
ically attractive.
With biofuels, drying with flue gas, which is subsequently led to the stack,
can generate organic emissions like wax and aromatic compounds. Wax sticks to
the flue gas channels and creates a potential fire risk in the electrostatic precipita-
tor. Aromatic compounds smell and annoy the neighbouring population.
2.6.2 Gasification and other chemical treatment
Today, it is technically possible to gasify liquid and solid fuels and to purify the
product gas so that the gas can be used in boilers, and even in gas turbines. Oil
can be gasified for use at the so-called Integrated Gasification Combined Cycle
(IGCC) power plants, which are located at oil refineries and integrated to their
chemical and thermal systems. Sulphur and nitrogen components in gasified fuel
can be effectively scrubbed off, and only thermal NOX emissions in gas turbines
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are generated. However, the IGCC technology cannot yet be considered as stand-
ard and a generally feasible power plant technology.
Fuel oil and coal are gasified at high temperatures (1 000–1 600 °C) in oxygen
blown gasifiers. The gasification temperature for coal is somewhat higher than for
oil, because coal ash is melted and drawn out from the bottom of the gasifier in
liquid form. After the gasifier, product gas is cooled by a boiler unit or by quench-
ing with a water spray. The product gas is cleaned in water and chemical scrub-
bers.
Biofuels can be gasified in air blown fluidised bed gasifiers at a lower temper-
ature (700–1 000 °C) because of their higher reactivity. Fluidised beds are, howev-
er, quite sensitive to the low softening temperature of biofuel ash. The reducing
atmosphere inside the gasifier further decreases the softening temperature of ash.
This limits the gasification temperature from above. From below, the gasification
temperature is limited because of incomplete gasification, i.e. the increase in tar
compounds in the product gas. Tar is harmful to scrubbers when condensing
there. Tar can generate coke in the filters, if high temperature dust removal is
adopted. Therefore the technical operating temperature window of biofuel gasi-
fication is quite limited, and it can be a big economic drawback in new power plant
investments compared to the conventional power plant technology.
Sulphur content of oil can be decreased by hydro-cracking in the refineries.
The lighter the oil is, the higher sulphur reduction rate can be achieved.
Inorganic sulphur compounds such as pyrite and sulphates in coal can be
eliminated with mineralogical pre-treatment methods.
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Emission balances of selected
large combustion plants
This chapter presents the emissions and other material balances of selected pow-
er plants to highlight the differences between fuels and combustion techniques.
The chapter is concluded by a comparison between the specific emissions and
waste material flows of the presented cases.
The plant types and fuels chosen are:
• Peat fired CFBC cogeneration plant
• Wood residue fired BFBC cogeneration plant
• Pulverised coal fired condensing power plant with wet FGD and SCR
• Pulverised coal fired cogeneration plant with semi-dry FGD
• Natural gas fired CCGT cogeneration plant.
3.1 Peat-fired CFBC boiler
Peat is today burned mainly in fluidised bed boilers. These boilers have typically
a fuel input of less than 200 MW, and they are producing both electricity and heat
to the local industry or district heating system. Usually, the peat-fired boilers are
designed to combust also other low calorific fuels and sometimes also coal. Heavy
oil is commonly used as an auxiliary start-up fuel. At our example plant, the heat
input to the boiler is 109 MW.
This boiler is equipped with a limestone supply system used to reduce sul-
phur oxide emissions, which becomes necessary with coal firing, but is usually not
needed with the low sulphur peat. Nitrogen oxide emissions are reduced by a
staged air supply system. The particles, including sulphur removal products, are
removed from the flue gases by an electrostatic precipitator.
The quality of peat varies a little, depending on its source. The values in Ta-
ble 5 are typical values representing quite well the annual averages of peat firing
in CFB boilers in general. The heavy metals inputs to the boiler are calculated from
the fuel reference analysis, but the amount from the process flue gas includes also
the heavy metals from limestone.
In fluidised bed boilers, added bed material (sand), fuel ash and Ca-com-
pounds from desulphurisation reaction are all removed together as bed material,
collected dust, or dust emitted into the atmosphere. There are no accurate meas-
urement data available to determine in what way the distribution of these materi-
als differs in the three exit routes. What is known from the measuremets, howev-
er, is that Ca-compounds are, for the most part, removed in the fly ash, and what-
ever bed material needs to be removed, contains primarily the added bed materi-
al and ash. Some 80 % of ash are removed as fly ash in peat firing, which, as a rule,
does not require bed material addition.
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Table 5. Energy and chemical balance of a peat-fired CFBC plant in 1998.
into the process from the process
Energy, GWh appr. 800 114 electricity / 593 heat
Fuel ash in, t appr. 4 000
Limestone, t 2 700
Bed material in/out ca. 1001 ca. 1 000
Fly ash collected, t 5 846
Ash to the atmosphere, t 8
Sulphur in, t 186
S (SO2) to the atmosphere, t 140 S (281 as SO2)
Nitrogen in fuel, t 1 700 est 204 NOX as NO2 (to atmosphere)
As, kg 400 6 in flue gases
Cd, kg 50 1 in flue gases
Hg, kg usually under analysing range 4 in flue gases
Ni, kg 2 5 in flue gases
1) In peat firing no sand addition is usually necessary. With biomass, the required bed sand addition is on the order of 2–4 kg/
MWh fuel input.
3.2 Wood-fired BFBC boiler
Most of the large LCP wood fuels are used at industrial cogeneration plants pro-
ducing electricity and heat to the forest industry, and so does our reference plant.
The main fuel is bark, but also some process residues, like sludges, are combusted
in this bubbling fluidised bed boiler, which has a fuel input of appr. 100 MW.
There is a staged air supply system for nitrogen oxide reduction and an elec-
trostatic precipitator for particulate removal. Most of the heavy metals will stay in
the bottom and fly ash, but Hg remains mostly in the gaseous phase.
Table 6. Energy and chemical balance in a wood-fired BFBC plant in 1998.
into the process from the process
Energy, GWh 2 700 661 electricity, 1 700 est. heat
Fuel ash in, t 4 000
Limestone, t 0
Bed material in/out, t Appr. 400 800
Fly ash collected, t 3 600 est.
Ash to the atmosphere, t 30
Sulphur in, t1 1 000 est.
S (SO2) to the atmosphere, t 500 est
Nitrogen in fuel, t 11 000 est 150–200 NOX as NO2 (to atmosphere)
As, kg 12 2 in flue gases
Cd, kg 50 3.5 in flue gases
Hg, kg 2 0.8 in flue gases
Ni, kg 80 8 in flue gases
1) 100 % biofuel assumed. Actually there is more S due to the combustion of sludge.
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3.3 Pulverised coal-fired boiler with FGD and SCR
Our reference plant for large-scale coal combustion has a fuel LHV heat input of
1 300 MW, and it is a condensing power plant with an electrical output of 550 MW.
Main fuel is coal from international markets, and oil is used as an auxiliary fuel.
The combustion technique is the pulverised wall-fired method.
Sulphur emissions are reduced by flue gas desulphurisation process, which
in this case is the wet scrubbing technique. Nitrogen oxides are reduced by low-
NOX burners, over-fire air supply and selective catalytic reduction processes. Par-
ticulates are removed in the electrostatic precipitator and, partly, in wet scrubber
(flue gas desulphurisation). The flue gas desulphurisation scrubber removes part
of the heavy metals from the flue gases.
Table 7. Energy and chemical balance in pulverised coal-fired power plant in 1998.
into the process from the process
Energy, GWh 2 500 1 000 electricity; 1 200 to cooling water
300 stack & other losses
Fuel ash in, t 41 880 est.
Limestone, t 6 225
Ammonia, t 239 not measured1
Bottom ash, t 4 200
Fly ash collected, t 37 600
Gypsum, t 12 800
Ash to atmosphere, t 80
Sulphur, t 2 150 220 as S (440 as SO2 to atmosphere)
Nitrogen in fuel, t 3 000 est. 630 NOX as NO2 (to atmosphere)
As, kg 1 300–3 600 20–50 in flue gases
Cd, kg 40–100 1–2 in flue gases
Hg, kg 40–90 3–10 in flue gases
Ni, kg 18 000–27 000 3–18 in flue gases
HCl, t 25
NaOH, t 10
Ca(OH)2, t 30
1) The amount of ammonia emission to atmosphere is in the order of 1 ton or less.
3.4 Pulverised coal-fired boiler with semi-dry
desulphurisation and low-NOX burners
This reference plant is a medium size coal combustion plant commissioned in 1984.
Its fuel LHV heat input is ca. 500 MW, and it is a district heating cogeneration pow-
er plant with electrical and heat outputs of 160 MWe and 300 MWth respectively.
The main fuel is coal from international markets and oil is used as an auxiliary fuel.
The combustion technique is the pulverised wall-fired method.
Sulphur emissions are reduced by flue gas desulphurisation process, which
in this case is the semi-dry spray tower technique. An electrostatic precipitator
precedes the spray tower in the gas flow path, thus there is very little ash in the
gas entering the desulphurisation spray tower. Slaked lime (CaO) added to water
reacts to lime (Ca(OH)2), which reacts with SO2 in the flue gas to produce mainly
CaSO3. The resulting powder is removed from the flue gas stream in a baghouse.
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The desulphurisation end product has been used partly for earthworks and part-
ly deposited in a landfill.
Nitrogen oxides are reduced by low-NOX burners and over-fire air supply.
Particulates are removed with the electrostatic precipitator prior to and with the
baghouse downstream of the flue gas desulphurisation. The flue gas desulphuri-
sation and the baghouse remove part of the heavy metals from the flue gas.
Table 8. Energy and chemical balance in a pulverised coal-fired power plant in 1998.
into the process from the process
Energy, GWh 2 673 826 electricity; 1 609 heat to DH network, 238 stack & other losses
Fuel ash, t 46 000 est.
Slaked lime (CaO), t 5 700
Bottom ash, t 8 400
Fly ash collected, t 37 000
Ash to atmosphere, t 60
Collected desulphurisation residue, t 12 600 (CaSO3 mainly)
Sulphur, t 2 650 as S 525 as S (1 050 as SO2) to atmosphere
Nitrogen in fuel t 5 700 as N est. 1 340 NOx as NO2 to atmosphere
As, kg 1 400 est 5 in flue gases
Cd, kg 40 1 in flue gases
Hg, kg 30 7 in flue gases
Ni, kg 14 000 10 in flue gases
HCl, t 400
NaOH, t 124
3.5 Gas turbine
Gas turbines usually use only gas as a fuel, but often there is the possibility of us-
ing also light oil. Our reference turbine is in industrial use producing electricity to
the forest industry. The power output of the turbine is 493 GWh electricity per
year.
Some light oil (sulphur content 0.1 weight-%) may be used as an auxiliary
fuel, and that causes some emissions of SO2, but, normally, this amount is insig-
nificant. Turbine combustor is a dry low-NOX system, and the NOX emissions were
88 t. This process does not use any major amounts of chemicals.
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3.6 Comparison of the fuels and combustion techniques
Because co-production of electricity and heat is very common in Finland, the best
way to compare different fuels is to calculate the emissions produced per energy
content of the fuel at an annual level. When comparing the figures of Table 9, one
needs to keep in mind that they result from the combined effect of the fuel type
and quality, combustion technique, and flue gas cleaning techniques.
Table 9. Characteristic emissions to the air from different power plants1.
Plant type SO2 NOx particles CO2
mg/MJ mg/MJ  mg/MJ  mg/MJ
Peat-fired CFB boiler (1994) 136 99 22 103 000
Bark-fired BFB boiler (1997) 6 57 9 (97 000)3
Coal-fired PF boiler, semi-dry FGD, low-NOX burners (1984) 109 139 6 94 000
Coal-fired PF boiler, wet-FGD, low-NOX burners, OFA and SCR (1994) 98 69 8 94 400
Gas turbine (1998) – 16 – 56 100
1) Computed pro fuel input energy
2) ESP design for coal, emission for low ash peat.
3) The CO2 emissions of this plant are not calculated in greenhouse gas balances because wood is a renewable energy source
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Techniques to be considered in
the determination of BAT
In this chapter, the candidate BAT techniques for emissions control and reduction
of emissions in large combustion plants are discussed. The presentation is struc-
tured by the pollutant species SO2 and NOX, particulates, oil, solid waste, water
and noise.
4.1 Techniques for reducing SO2 emissions
Reduction of sulphur oxide emissions has been one of the main focuses of power
plants for years. In Finland there are 6 coal-fired power plants (8 boilers) equipped
with wet flue gas desulphurisation systems, 4 with semi-dry and one with dry
desulphurisation techniques. The coal-fired plants without desulphurisation are
all in limited use.
The easiest way to reduce these emissions is to select less polluting fuels with
smaller sulphur content, but the price of low-sulphur coal, for example, may make
it to appear as a less attractive solution. The secondary measures are based on the
use of an absorbing agent, like calcium in some form, to react chemically with sul-
phur oxide and form new reducible solid or liquid materials.
4.1.1 Wet scrubbers
Process
There are many types of wet limestone scrubbers characterised by their absorber
designs and operating conditions. The most common type is the open spray ab-
sorber with forced oxidation and a reaction tank integrated with the spray tower.
Forced oxidation means that calcium sulphite (CaSO3) is oxidised to calcium sul-
phate, gypsum (CaSO4·2H2O) by ambient air blown into the reaction tank. The
gypsum by-product can be utilised as raw material by the construction industry,
e.g. for wallboards. In the USA, most absorbers are using natural oxidation, which
means that calcium sulphite is only partly oxidised (typically 10–20 %) by the ox-
ygen in the flue gas. This by-product is difficult to dewater and use. Since it has
tixotropic properties, it is usually blended with fly ash before being used as land-
fill.
The most common sorbent is limestone (CaCO3) and thereafter lime
(Ca(OH)2), which means that the calcium-based wet scrubbing is the most widely
used scrubbing technology today and accounts for over 80 % of the total FGD ca-
pacity worldwide. This is because limestone is available in large quantities at low-
er prices compared with other sorbents.
Following types of sorbents are used with the wet scrubber technique:
• limestone (CaCO3)
• slaked lime (CaO)
• lime (Ca(OH)2)
• dolomite (CaCO3·MgCO3)
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• chalk
• magnesium oxide (MgO)
• potassium sulphite (K2SO3)
• soda ash or sodium carbonate (Na2CO3)
• sodium bicarbonate (NaHCO3)
• ammonia (NH3)
• seawater
The type of limestone absorbent has a great influence on the performance of the
FGD plant. The primary quality requirements of the absorbents are purity and
reactivity. The degree of purity primarily has an impact on the amount of sorbent,
which is necessary to obtain sufficient SO2 removal. The impurity compounds are
magnesium carbonate (MgCO3) and inert matter such as aluminium oxide (Al2O3),
iron oxide (Fe2O3), manganese oxide (MnO) and silica (SiO2). The absorbent parti-
cle size distribution also has a significant effect on the limestone dissolution rate.
The limestone scrubbing process is generally described by the following over-
all reactions:
SO2 + CaCO3 → CaSO3 + CO2
CaSO3 + 1/2 O2 + 2 H2O → CaSO4 + 2 H2O
The chemistry in the absorber is much more complex than the overall reactions are
showing.
Figure 8. A typical wet flue gas desulphurisation plant.
1. Untreated flue gas inlet
2. Flue gas cleannig
3. Reheating of treated flue gas
4. Treated flue gas outlet
5. Limestone milling
6. Gypsum dewatering
7. Waste water treatment
1
2
3
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6
7
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In Figure 8 there is a typical wet limestone-based desulphurisation plant. Flue
gas is first cooled down in a rotary gas-gas heater, after which it enters the absorb-
er vessel below the spray headers. The flue gas is then washed with limestone slur-
ry that is atomised into fine droplets by nozzles in the spray banks. In the next
stage, flue gas goes through the mist eliminator where all small rest particles are
removed. The cleaned flue gas is then reheated and discharged into the atmos-
phere through the stack. If the flue gases are discharged into a wet stack or a cool-
ing tower, the rotary gas-gas heater is not needed.
The milled limestone is mixed with process water in the limestone prepara-
tion tank. The limestone slurry goes from the preparation tank into the absorber,
in order to keep the pH at the desired level. Ambient air is simultaneously blown
into the reaction tank to oxidise calcium sulphite to calcium sulphate. Some of the
absorber slurry is withdrawn from the reaction tank and led to a de-watering
plant. The product from the de-watering plant is gypsum, and the process water
removed is led back to the process or to a wastewater treatment plant.
The performance of the SO2 removal can be enhanced by using additives
such as dibasic acid (DBA), formic acid and adipic acid.
Typically, wastewater from the FGD is first treated with lime (Ca(OH)2) or lye
(NaOH) for pH adjustment and then the suspended solids, other harmful com-
ponents and heavy metals are settled and removed from the wastewater before
discharging the treated wastewater into the environment. More details on the wet
desulphurisation wastewater can be found in Chapter 4.5.2, Wastewater from
water treatment systems.
Environmental effect
Wet limestone scrubbers typically achieve a high SO2 removal efficiency of 90–95
%, in some cases (mostly when using high-sulphur fuels) up to 98 %. They are also
suitable for high sulphur coal and for plants with long residual lifetimes and high
load factors. Gypsum purity is normally over 95 % (dry base), rest carbonate is less
than 2 % (dry base) and the moisture is about 10 %.
The wastewater treatment plant precipitates suspended solids and heavy
metals (As, Zn, Cr, Cd, Cu, Ni, Hg) with a good efficiency.
Operating experience
The FGD processes have undergone considerable development in the last few
decades, in terms of improved reliability and removal efficiency, as well as reduced
costs. Reliability is normally over 99 % with forced oxidation, and 95–99 % with
natural oxidation.
There are no separate critical components in modern FGD plants. The avail-
ability may be jeopardised by both scrubber components and auxiliary processes
connected to the absorber process.
The process of hydroxide and sulphide precipitation, clarification and slurry
dewatering has been found to be a good concept for wastewater treatment after
the FGD plant for removing heavy metals and suspended solids.
Economic aspects
There are few published data on the actual costs of FGD installations presented
by manufacturers and users. The evaluation of the published data is also difficult,
due to lack of information on how the costs have been calculated.
The average power consumption of a WFGD is reported to be 1.0–1.5 % of
the power plant output.
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The capital costs are relatively high for a wet limestone scrubber, but, on the
other hand, the operating costs are moderate due to advanced automation, relia-
bility and a selling by-product. The capital costs can vary widely, depending on
the site specifications and technical and economic conditions such as plant size,
SO2 inlet concentration, SO2 emission limits, and redundancy philosophy, annual
operating hours, operating years, management of gypsum or residues, interest
rate, number of units on site, FGD market situation etc. The capital cost for the wet
lime/limestone scrubber process is mainly influenced by the flue gas flow rate.
FGD retrofit installations are 1.2–3 times more expensive than green field installa-
tions (1991). The capital costs for a wet limestone scrubbing process varies 35–50
€/kW (heat input), and the operation and maintenance costs are between 0.2–0.3
€/MWh (energy input). The typical SO2 removal costs have been between 750–1150
€/t of SO2 removed, and the effect on the price of electricity 3-6 €/MWh (electricity
produced).
Because scrubber installations differ so much, it is quite impossible to estimate
how much it would cost, if the efficiency of the existing scrubbers is targeted to be
improved. This kind of calculations have to be made separately for each device
considering the whole process and possibilities to make new installations.
4.1.2 Dry flue gas desulphurisation
Dry flue gas desulphurisation processes are relatively simple, have low cost and
are suitable for retrofit applications. Due to their low to moderate SO2 removal
efficiency, they are not applicable to every case. In the dry processes, flue gases are
brought into contact with a dry pulverised sorbent, very often a calcium-based
one.
The sorbent can be introduced into the flue gas stream applying several
methods such as injection into the flue gas in a dry form, without flue gas cooling
or injection into the flue gas in a dry form, after the gas has been cooled off by
adding water. Also, direct injection into the furnace and subsequent humidifica-
tion of flue gas, which contains free lime resulting from the furnace limestone in-
jection, are used.
In the duct sorbent injection process, the aim is to distribute the sorbent even-
ly in the flue gas duct or reactor after the air preheater where the temperature is
about 150 °C. Hydrated lime, Ca(OH)2, is usually used as sorbent, as it is the most
reactive calcium compound in this temperature range. The dry reactions of calci-
um-sulphur are very slow. The reactions will accelerate significantly, if moisture
is present. The increased moisture brings the flue gas temperature closer to the
saturation temperature, which increases the SO2 removal and the reagent utilisa-
tion for a given Ca/S molar ratio. This is the reason why flue gases are cooled by
water or humidified before the sorbent injection.
However, there is an operating limit on how close to the saturation tempera-
ture the flue gas temperature can be lowered. As moisture increases, the potential
for wall wetting, corrosion and deposits becomes greater. If droplet evaporation
is not complete, there can be adverse effects on the ESP performance and ash han-
dling characteristics. This together with the increased residence time is the reason
for using special reaction chambers or dry scrubbers for humidification and dry
sorbent injection. Recycling of spent sorbent improves the sorbent utilisation and
SO2 removal. Figure 9 presents the configuration of duct sorbent injection with
flue gas moisturising.
In the furnace sorbent injection process or the high-temperature SO2 remov-
al process, pulverised limestone or hydrated lime is injected into the upper region
of the furnace where the temperature ranges from 950 to 1 200 °C. At these tem-
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Figure 9. Configuration of duct sorbent injection.
Figure 10. Configuration of the furnace sorbent injection.
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peratures, limestone (CaCO3) calcines form calcium oxide (CaO). The CaO reacts
with SO2 to form calcium sulphate (CaSO4). If the temperature is too high, the CaO
sinters destroying the structure of the pores and reducing the active surface area
available for sulphation.
CaCO3 → CaO + CO2
CaO + SO2 + 1/2 O2 → CaSO4
CaO + SO3 → CaSO4
Dry sorbent injection
Process
Dry hydrated lime, Ca(OH)2 is supplied into the flue gas stream in order to react
with sulphur oxides. The reaction time is often extended by a reaction chamber.
After the chamber, there is usually a baghouse for particulate removal.
The importance of the baghouse in pollutant reduction is significant, because
it reduces about half of the gaseous pollutants removed by dry sorbent injection
in the power plant. Sorbent cake is formed on the surface of the fabric filter, and
the pollutant will be absorbed into the sorbent in this cake layer.
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Environmental effect
An approximately 50 % SO2 removal can be achieved with the dry hydrated lime
injection into flue gases without cooling and with an ESP. Increasing the moisture
content significantly increases the absorption of SO2 in the dry processes when
lowering the temperature. With flue gas cooling and ash recirculation, an 80 % SO2
removal can be achieved with a Ca/S ratio of 2. The use of a fabric filter instead of
an ESP will enhance the SO2 removal performance by forcing contact between the
gas steam and the unreacted reactant in the dust cake. With flue gas cooling, ash
recycling and a fabric filter an over 85 % SO2 removal can be achieved.
This measure is also effective in reducing simultaneously other gaseous pol-
lutants like HCl. When activated carbon is added into flue gases, more gaseous
components are reduced effectively.
Operating experience
The dry sorbent injection process has a very simple structure and is easy to oper-
ate, so there are no major risks for malfunction of the process.
The process is suitable for various fuels and combustion techniques, especial-
ly when the injection is arranged to the cooler part of the duct. It is possible to
avoid sorbent sintering and/or melting, when the sorbent is supplied to the colder
part of the flue gas duct.
Because the control of the process is very easy to implement, changes in the
boiler load or in other parameters do not jeopardise the efficiency.
Of the worldwide capacity equipped with the dry FGD technology, 23 %
(5 929 MW of electricity in 1998) use the dry duct injection and sorbent furnace
injection processes.
Economic aspects
Dry sorbent injection processes are economically competitive at small power
plants. The investment costs are low, and this measure is quite easy to construct
into an existing power plant. Reported capital costs of the duct sorbent injection
process vary a lot, depending on the sulphur content of the fuel and the plant size,
so every case has to be assessed separately.
Reactants are more expensive than in the limestone processes, such as fur-
nace injection, which means that the operating costs tend to grow even though a
smaller Ca/S-mole ratio is possible. The reduction rate of the process can be im-
proved by increasing the Ca/S-ratio, which means increased sorbent costs and
auxiliary power demand. The by-product is not usually reusable, which causes
more expenses to operator.
Calcium oxide activation process
Process
In order to utilise the excess amount of unreacted lime from the furnace injection,
flue gases can be humidified in a reactor. The target of the process is to convert the
lime to hydrated lime, which readily reacts at lower temperatures with SO2 form-
ing calcium sulphite (CaSO3).
CaO + H2O → Ca(OH)2
SO2 + Ca(OH)2 → CaSO3 + H2O
CaSO3 + 1/2 O2 → CaSO4
After leaving the reactor, the reaction products are easily separated from the flue
gas along with fly ash in the particulate collector, which most commonly is an ESP.
In order to improve the removal efficiency of the process, dry ash can be recircu-
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lated back into the reactor from the reactor bottom and ESPs. The efficiency can
be further improved by reactivation or by the Slurry Recycling (SR) version of the
process. The slurry is prepared from water and ESP ash and sprayed into the re-
actor. Figure 11 shows the configuration of the calcium oxide (sorbent) activation
process.
Environmental effect
The performance of the furnace sorbent injection process varies greatly as for the
residence time within the correct temperature range, the Ca/S ratio and the sorb-
ent used. When using readily hydrated lime, the Ca/S ratio can be decreased in
comparison with limestone where 100 % calcination is practically impossible. The
hydrated lime, on the other hand, is more expensive compared to limestone. If
optimal process conditions can be achieved, a removal efficiency of typically up
to 50 % can be obtained with a Ca/S ratio of 2 with Ca(OH)2. Approximately 25 to
30 % of the SO2 are removed with limestone as the sorbent. Most of the sulphur
trioxide (SO3) is removed in the furnace injection process.
The modest SO2 removal of furnace injection is due to the short residence
time of the flue gas in the proper temperature range. Approximately 60 to 70 % of
the SO2 can be removed in a reaction vessel. Totally, 80 % of SO2 can be removed
in the process, with a Ca/S molar ratio of 2.5 and dry ash recycling. With the slur-
ry process, approximately 85 % of the SO2 can be removed.
Operating experience
The process is suitable for low sulphur fuels and for small plant sizes. The process
itself is relatively simple requiring less operation and maintenance. Also SO3 is
removed in the furnace injection process, which helps to avoid possible problems
with the cold end of the flue gas ducts. The process produces a dry solid by-prod-
uct, which needs no further treatment before being used as landfill or construc-
tion material.
The emission reduction rates are moderate SO2 and usually under 85 %. High
reactant consumption is obvious and increasing the amount of the dry by-prod-
uct, which can be utilised, but has no economic value. Furnace sorbent injection
can cause slagging and fouling of heat exchangers, so sootblowing may have to
be increased.
The most recent references of this measure are from China, where this proc-
ess has proven to be suitable due to the moderate SO2 emission requirements, coal
sulphur content and simplicity of the process.
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Figure 11. Configuration of the sorbent activation process
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Economic aspects
The capital cost for the furnace sorbent injection processes in power generation is
lower than for both the spray-dry system and the wet scrubber. A 350 MWth unit
with one reactor has a capital cost of approximately 25 % of the capital cost of a
wet limestone process. Limestone accounts for roughly half of the process operat-
ing costs, which are low due to the reactant price.
Low power consumption increases the competitiveness of this process, and
thereby compensates for the lack of environmental performance.
A benefit of the simple process is that no extra staff are needed to operate or
maintain the processes. Reuse of the by-product is possible, but the by-product has
no economic value.
4.1.3 Semi-dry spray towers
Process
Spray dry scrubber processes are designed to treat the flue gas downstream of the
air preheater at a temperature of 138–160 °C. Hydrated lime slurry (20–30 w-%) is
sprayed into a reaction vessel large enough to permit 10–12 seconds flue gas resi-
dence time. SO2 absorbs into the slurry droplets and reacts to form calcium sul-
phates. The droplets are evaporated and the flue gas is cooled simultaneously. The
equipment includes a carbon steel spray dryer vessel, a rotary atomiser or nozzles
requiring compressed air, a lime storage silo, slaking and slurry handling equip-
ment, a particulate collector, ductwork, a fan and a stack. Figure 12 shows the con-
figuration of spray-dry scrubbing.
Environmental effect
The approach-to-saturation-temperature and the reactant ratio are the two major
factors affecting the SO2 removal performance. The use of a fabric filter instead of
an ESP can enhance the SO2 removal performance by forcing contact between the
gas steam and unreacted reactant in the dust cake. A SO2 removal efficiency of 90
% is attainable with a lime spray dryer under good operating conditions with a
typical Ca/S ratio of 1.3. The presence of chlorides increases mass transfer in the
spray-drying system thus improving the SO2 removal efficiency.
This measure also reduces the emissions of other gaseous pollutants like HCl.
Figure 12. Configuration of spray-dry scrubbing.
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Operating experience
The technique is suitable for low-to-moderate sulphur fuels and for smaller facil-
ities requiring only one module. The dry solid by-product, which needs no further
treatment, can be used for different construction purposes.
The equipment includes slurry preparation, handling and atomisation equip-
ment, which have to stand the erosion of the slurry. Sorbent utilisation increases
the amount of dry by-product, which can be utilised, but has no economic value.
The spray dry scrubber process is well established as a commercially availa-
ble technology. Of the worldwide capacity equipped with dry FGD, 74 % (18 655
MW of electricity in 1998) use spray-drying processes. The dominance of the spray-
drying processes within the dry FGD technology category possibly is a result of
these processes being more economic than the wet FGD technology for low to
moderate sulphur coal applications.
Economic aspects
The capital cost for the spray-dry system mainly depends on the layout capacity
and the type and layout of the spray absorber and the injection systems. Report-
ed capital costs differ a lot, depending on the type of power plant. The capital cost
of a spray-drying system is approximately 20–30 % less than the capital cost of a
wet limestone process. As spray-drying use lime, the use of a single-module spray-
dryer is limited to below 700 MWth units and low-to-moderate sulphur fuels, in
order to keep the operational costs within reasonable limits.
In Finland, semi-dry sprayer costs have been estimated to be 25–60 €/kW
(heat input) for the investments, and the operation and maintenance costs have
been 0.5–0.7 €/MWh (heat input). The cost of reduced pollutant was 600–800 €/t of
sulphur dioxide removed and the effect on the price of electricity approximately
6 €/MWh (electricity produced). The achieved emission level varied between 300–
600 mg/m3 in a retrofit case.
Depending on the by-product utilisation possibilities, the by-product treat-
ment and disposal costs have to be taken into account for the dry processes when
doing cost comparisons between the different desulphurisation methods.
4.1.4 Reduction of SOx emissions in fluidised bed boilers
Process
The fluidised bed boilers can be divided into two types, i.e. the bubbling fluidised
bed (BFB) boilers and the circulating fluidised bed (CFB) boilers.
Both are characterised by a particle bed that is composed of sand, ash, char
and possibly SO2 sorbent. The bed is fluidised by feeding combustion air into the
bottom of the furnace. The velocity of the fluidisation air makes the difference
between bubbling fluidised bed combustion (BFBC) and circulating fluidised bed
combustion (CFBC). It is typically around 1 m/s in the BFB boiler. In the CFB boil-
er, the velocity of fluidising gas is significantly higher, some 5–10 m/s. Thus the gas
is able to carry bed solids along with it, filling the entire furnace. After the furnace,
particles are separated from flue gas in cyclones and recirculated back into the bed.
One of the advantages of fluidised bed combustion (FBC) is the possibility to
reduce SOX emissions efficiently during the combustion process. Sulphur capture
can be accomplished by feeding a calcium-based sorbent such as limestone
(CaCO3) or dolomite (CaCO3·MgCO3) into the furnace. The sorbent can then be
injected directly into the fluidised bed or into the freeboard above it, either togeth-
er with the fuel or separately.
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In the furnace, sorbent calcines to calcium oxide CaO that reacts further with
sulphur oxides and forms mainly calcium sulphate (CaSO4), i.e. gypsum. The des-
ulphurisation product is removed from the system with bottom ash directly from
the fluidised bed and with fly ash from flue gas.
Environmental effect
The desulphurisation efficiency depends on several parameters such as:
• temperature in the furnace
• residence time in the suitable temperature zone
• physical and chemical properties of the sorbent
• SO2 concentration of flue gas
• Ca/S molar ratio
• quality of fuel
Higher Ca/S ratios are needed in FBC than in the wet scrubbing or spray towers
for a high reduction of sulphur. However, even with very high Ca/S ratios, the FBC
combustion does not make possible such high reduction rates that are achievable
in wet scrubbing.
Higher degrees of desulphurisation are achieved in circulating fluidised bed
(CFB) boilers than in bubbling fluidised bed (BFB) boilers. For coal, removal effi-
ciencies as high as 80–95 % have been reported in CFB with moderate Ca/S ratio
(between 2–4). When the fuel sulphur contents increase, Ca/S decreases slightly
for a certain sulphur removal (e.g. 90 % removal). However the actual mass flow
rate of limestone needed increases as well as the amount of waste generated.
Hence, the current trend for CFBs firing extremely high sulphur (4–6 % S) fuels is
to combine in-situ sulphur capture by limestone in furnace and cold-end sulphur
capture. When all the aspects are taken into account, sulphur capture in CFB only
by limestone injection in bed can be considered as BAT for low or moderate sul-
phur (<1–3 % S) coals. The associated emission level is between 150–200 mg/m3n
(O2 = 6 %). In BFB the corresponding removal efficiency is between 55–65 % with
similar quality of coal and with similar quality and consumption of limestone.
The degree of desulphurisation in peat fired FBC boilers is significantly low-
er than in coal fired FBC boilers. According to the knowledge gained with peat in
Finnish FBC the desulphurisation degree with moderate Ca/S ratio (3–5) for both
peat fired CFB and BFB is around 30–40 %. The desulphurisation does not increase
over about 45 % in BFB boiler despite even very high Ca/S ratios. In CFB the high-
est achievable desulphurisation degree was around 80 % but that could onyl be
reached with a very high Ca/S ratio. A high Ca/S-ratio jeopardises the reuse of
precipitated fly ash, which means that lower reduction rates (and sorbent
amounts) are recommended (Kouvo & Salmenoja 1997).
Sorbent use increases the amount of ash produced by the power plant. There
is a possibility of reduced efficiency in electrostatic precipitation, because of sorb-
ent properties. This causes more particulate emissions, when using greater
amounts of sorbent to reduce sulphur oxide emissions.
Operating experience
The FBC is a well-established combustion technique. More than 600 plants are
operational or ordered worldwide. The FBC boilers have typically a good opera-
tive availability (>95 %).
The system for sulphur reduction in FBC boilers is simple to operate: feed-
ing of the sorbent and removal of the reaction product are incorporated into the
combustion process and a separate reactor is not needed.
To achieve an almost 100 % SO2 absorption, the mass of calcium oxide in the
bed must be in excess of what is required for stoichiometric conditions. This over-
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dosing results in an increase of NOX emissions, especially in CFBC, because CaO
catalyses the reactions of nitrogen compounds. However, the greatest increase
does not take place until the SO2 concentration is very low.
Economic aspects
The principle of the fluidised bed combustion comprises an integrated environ-
mental protection capability. Sorbent injection into the FBC boiler is an inexpen-
sive method for sulphur capture. Investment costs are low, because the desul-
phurisation is incorporated into the combustion process and separate reactor
equipment is not needed. An economic comparison between the FBC and the
pulverised fuel firing systems favour FBC in most cases where FBC is otherwise
feasible.
The largest operational expenses are due to the consumption of sorbent and
the handling of combustion residues. The by-product of fluidised bed combustion
is a mixture of ash, CaSO4, unburned fuel and unreacted sorbent. Relatively large
amounts of sorbent are needed to reach a sufficient SOX absorption; thus the vol-
ume of the solid waste from FBC is also large. Disposal in landfills has been com-
mon means of handling ash from the FBC boiler at power plants. Ash can be also
used beneficially for construction purposes such as road base or structural fill, if
there is not too much calcium in the ash.
An increased dust load may cause a need to enlarge the dust precipitator. The
benefits of this kind of investment have to be evaluated separately on economic
basis.
Case study: Environmental performance, operational experience and costs
of desulphurisation in peat-fired CFB and BFB boilers
The maximum removal efficiencies were tested and the costs of desulphurisation
analysed in a Finnish study (Kouvo & Salmenoja 1997) performed at an existing
peat fired CFB plant and at an existing peat fired BFB plant.
In CFB boiler the lowest achievable emission level of 200 mg/m3n (O2 = 6 %)
was reached with Ca/S ratio 10 when the sulphur content of the fuel was 0,17 %.
The CFB plant operates normally at an emission level of 360 mg/m3n (O2 = 6 %)
with Ca/S ratio 2–4 (depending on the limestone).
Table 10. Summary of the results of the Finnish study on desulphurisation in CFB and BFB boilers with in situ injection of
limestone in boiler. The aim of the study was to determine the highest achievable desulphurisation in existing peat fired
FBC plants with in situ injection of limestone in bed and to evaluate the costs of desulphurisation.
Boiler CFB BFB
S content in the fuel 0.17 0.25
Normal operational level
SO2 emission (mg/m3n (O2 = 6 %) 360 360
Ca/S ratio 2–4 2–4
Cost of desulphurisation euro/t SO2 removed 1 300 1 400
Minimum achievable emission
SO2 emission (mg/m3n (O2 = 6 %) 200 280
Ca/S ratio 10 7
Cost of desulphurisation euro/t SO2 removed 1 800 1 950
Marginal cost for desulphurisation between normal
emission level and achievable level euro/t SO2 removed 2 100 2 700
Cost of desulphurisation with semi-dry spray tower
technology, euro/t SO2 removed 6 800 3 200
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In BFB boiler the highest achievable degree of desulphurisation was around
45 % with Ca/S ratio of 7 when the sulphur content of the peat was 0.25 %. The
SO2 emission was 280 mg/m3n (O2 = 6 %). Further limestone addition did not re-
sult any higher degree of desulphurisation. The normal operation of that BFB
plant at 360 mg/m3n (O2 = 6 %) level is resulted with Ca/S ratio between 2–4.
The results of the study are summarised in Table 16. It can be seen that the
total cost of desulphurisation at normal operational level (SO2 emission 360 mg/
m3n in both plants) was around 1 300 euro/t SO2 removed in the CFB boiler and
1 400 euro/t SO2 removed in the BFB boiler both of which are considerably higher
than the cost per reduced ton of SO2 in pulverised coal combustion with wet scrub-
bing. When increasing the degree of desulphurisation to the lowest achievable
levels, 200 mg/m3n for CFB and 280 mg/m3n for BFB, the marginal costs for this
extra desulphurisation were around 2 100 euro/t SO2 removed and 2 700 euro/t SO2
removed, respectively.
An evaluation was also made on the cost of desulphurisation if semi-dry
spray tower technology would have been applied. These costs were far more ex-
pensive than those of in situ addition of limestone in the bed.
4.1.5 Comparison of desulphurisation techniques
Wet flue gas desulphurisation processes are the most effective means of reducing
sulphur dioxide emissions at large power plants. Also, some dry processes are ef-
fective enough, in many cases, in achieving a good environmental performance.
Dry and semi-dry processes often use more expensive sorbents than wet process-
es, so they loose competitiveness, when the size of the plant increases.
Fluidised bed boilers can be equipped with sorbent injection, especially CFB
boilers. The amount of sorbent is preferred to be moderate, so that the reuse of ash
will not be jeopardised.
The end-product from wet scrubbing processes has some economic value,
and almost all the time it is reusable. The other processes do not produce raw
materials of any economic significance, but these materials can usually be used for
land building purposes and as an auxiliary material in the construction industry.
Wet processes produce waste water, which has to be purified, and that problem
does not exist in semi-dry and dry processes.
Table 11. Comparison of flue gas desulpurisation methods. All values should be read as general with case specific variation.
Technique SO2 Investment/ Utilisation Energy Comments
reduction rate operation costs of end-product consumption
Wet Scrubber 90–95 % (up to high/moderate good high Expensive for small plants,
98 % with some high large world-wide experience,
sulphur cases) requires waste water treatment, removes
a share of other gaseous pollutants (e.g.
HCl, heavy metals) and particulate matter
Semi-dry 80–90 % moderate/high good/moderate moderate Expensive sorbent, no waste water plant,
small in size, removes a share of other
gaseous pollutants (e.g. HCl, heavy
metals) and particulate matter
Sorbent injection 50–70 % low/moderate poor low Water injection and fabric filter improves
reduction rate, expensive sorbent, only for
low sulphur fuels
Sorbent in furnace app. 75 % moderate/moderate poor moderate Sensitive for the temperature, inexpensive
and activation sorbent, only for low sulphur fuels
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Wet scrubbing systems demand a lot more room than dry and semi-dry proc-
esses. This means that the wet scrubbing process is not very feasible in retrofit
solutions.
4.2 Techniques for reducing nitrogen oxides
Nitrogen oxides are formed from fuel nitrogen or from the molecular nitrogen of
combustion air. Emissions can be controlled by preventing the formation of the
nitrogen oxides by primary measures or by processing formed oxides with second-
ary measures.
Arranging substoichiometric combustion in the boiler can reduce the forma-
tion of NOX. This means combustion in an atmosphere where there is not enough
air for complete combustion of the fuel. These are so-called reducing conditions.
The best available primary techniques in pulverised-fired boilers are low-NOX
burners and staged combustion.
A reduction of the formed NOX is taken care of by arranging reducing condi-
tions in the boiler when hydrocarbon reduces the amount of NOX, or by injecting
a reagent into the boiler and causing a reduction of NOX. Reburning is a suitable
measure for creating a reducing atmosphere in the boiler. Commercially, the best
secondary measures are the selective non-catalytic reduction (SNCR) and the se-
lective catalytic reduction (SCR) techniques.
Fluidised bed boilers are equipped with flue gas circulation and air staging.
By lowering the combustion temperature, it is possible to reduce NOX emissions,
but, at too low temperatures, this will increase the emissions of the greenhouse gas
N2O. Secondary methods are also possible to commission in fluidised bed boilers.
NOX reduction in gas turbines is improved by lowering the burning temper-
ature or by controlling the air supplies into the combustion process. Catalysts are
also possible to commission in gas turbine process.
4.2.1 Primary techniques in burner furnaces
Air staging and flue gas recirculation
Process
Air staging is used for preventing the formation of pollutants. An oxygen deficient
atmosphere is arranged for the primary burning zone, and the burning is complet-
ed in the secondary combustion zone of the boiler. In pulverised-fired boilers, the
primary air is supplied with the fuel through the burners and the secondary, and
possibly the tertiary, air is supplied into the upper parts of the boiler through over-
fire air (OFA) nozzles or air ports. This assures that there will not be any extra ox-
ygen present in the flame area where NOX formation occurs, and the burning in
the primary combustion zone takes place under substoichiometric conditions. The
temperature distribution inside the boiler is also more even, and there will be less
peak temperatures for NOX formation.
In the closely coupled overfire air system (CCOFA), a portion of the second-
ary air is introduced through the air registers located at the top of the main wind-
box. Separated overfire air (SOFA) is used to achieve optimum firing zone stoichi-
ometry. Overfire air is introduced from the corners of the furnace at one or more
(multistage SOFA) levels. These two methods are examples of how the secondary
air supply can be arranged, and in fact there exist more modifications, too.
Flue gas recirculation systems are based on the same idea as air staging,
namely on how to arrange an oxygen deficient atmosphere in the primary or sec-
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ondary burning zone. Recirculation also decreases the flame temperature. Flue gas
is taken from flue gas ducts at the temperature of approximately 400 °C, and it is
mixed with the combustion air. The flame temperature and oxygen content are
reduced, and less NOX is formed.
Environmental effect
Emission reduction depends on the fuel and the type of the boiler and burner
used. For gas combustion, it is possible to achieve an over 50 % reduction, at max-
imum, when this measure is installed in a tangentially fired boiler. With other
kinds of boilers and fuels, the reduction rate seldom exceeds 50 % as compared to
the situation before OFA.
Operating experience
Air staging does not have any negative influence on the power plants’ mainte-
nance when designed and constructed properly. The stability of burning has to be
looked after carefully, when there are partial loads in the boiler.
Flue gas recirculation may cause some difficulty as to flame stability, when it
is used in pulverised-fired boilers.
Economic aspects
This is a very inexpensive way of decreasing nitrogen oxide emissions. It is very
often applied with other boiler technical measures such as low-NOX burners, so it
is quite difficult to estimate the cost effects of the air staging. A rough estimate is
that OFA costs are almost 1 million € for a boiler with 250 MWth. The price of a re-
duced tonne of NOX has typically been from 300 to 1 000 €/t.
Low-NOX burners
Process
Low-NOX burner technique is used in both wall-fired and tangentially-fired boil-
ers. The technique is suitable for both retrofit and new installations. The objective
is to produce substoichiometric burning conditions for the flame so that there will
be as little extra air as possible in the combustion zone to form nitrogen oxides.
Low-NOX burners are based on the idea of staging primary air (burner air) in pul-
verised-fired boilers.
The modern low-NOX burner technology aims at producing a very hot and
small flame as close to the burner tip as possible. The burner is equipped with a
flame stabiliser, which promotes rapid ignition of the pulverised fuel. The rest of
the burner air is divided into the secondary and tertiary air. The secondary air has
a swirling motion to bring the hot combustion gases from the flame close to the
burner tip, which enables rapid ignition. Tertiary burner air is fed outside of the
ignition zone to form a reducing flame atmosphere.
There are also one or two, sometimes even three, upper air supply levels to
complete the burning and to minimise the amount of unburned carbon. The
number of air staging levels in retrofit boilers depends on the structure of the boil-
er, because there must be enough residence time after the upper staging level to
complete the burning of fuel. The more staging levels there are, the smaller the
NOX emissions are and the easier it is to achieve a better control of the boiler proc-
ess.
The effectiveness of low-NOX burning also depends on the type of fuel, par-
ticle size and air distribution between the burners as well as to the burner. The
burners are suitable for hard coal, lignite, peat and also for liquid and gaseous
fuels. The reduction rate of emissions strongly depends on the fuel properties,
especially when using solid fuels, the achievable decrease in emissions may vary
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a lot. Emissions are smaller when using fuel with a low fuel ratio (fixed carbon/
volatile matter) and a low nitrogen content.
Successful combustion requires good fuel preparation to have a small enough
and homogenous particle size, and it is conveyed equally to all burners. This
means that mills have to work properly keeping in mind that fuel grindability also
affects the grinding result. The coal flow from the burner to combustion must be
shaped so that the rapid ignition will happen and the produced flame is stable.
Older low-NOX burners were designed to produce a delayed combustion.
The aim was to have a lower combustion temperature in the reducing zone of the
flame. The result was that the flames were longer and the ignition occurred far-
ther from the burner tip than in the rapid ignition burners. The rapid ignition
burners produce lower emissions than the delayed combustion burners. Because
the ignition occurs very close to the burner tip, the rapid ignition burners have a
wider operation range when the load of the boiler varies.
Environmental effect
Modern solid fuel low-NOx burners can reduce NOX emission to levels of 300 to
500 mg/m3, which means 50–80 % reduction rate, depending on the original level.
The emission level range is wide because of the influence of many process param-
eters, which often cannot be optimised. The emission levels are the same in both
wall-fired and tangentially-fired boilers. In the new pulverised-fired boilers, it is
possible to get emission levels under 300 mg/m3.
Liquid fuel low-NOX burners can reach almost the same emission levels than
the solid fuel burners. There have been few problems with the increase of particle
emissions, when burner retrofits have been purchased. The reason for this is the
lack of particle precipitators in oil-fired boilers and a low oxygen concentration in
burning gases.
In gas-fired boilers, a reduction rate of 70 % (or emissions under 300 mg/m3)
is achievable with low-NOX burners and OFA.
Figure 13. Modern rapid ignition low-NOx burner (Courtesy of Fortum Engineering Ltd).
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Operating experience
Pressure drop in air ducts increases, which causes more operational expenses. Coal
pulverisation must usually be improved, and that may lead to bigger operation
and maintenance costs. There might occur some corrosion problems, if the proc-
ess is not controlled properly. This is more a question of how to adjust burner air
staging.
With peat-fired boilers, the difficulty has been of how to achieve improve-
ments in emissions. The fuel changes a lot, and it has, so far, been impossible to
have a stable flame with low emissions.
In oil-fired boilers, the properties of oil are in a major role. There are only few
large oil-fired combustion plants in Finland and their role is insignificant, because
their operating time is decreasing all the time.
Economic aspects
The low-NOx burning technique requires, at least, an exchange of burners and an
installation of over-fire-air (OFA). If the existing burners are classical burners, the
exchange of burners is almost always very cost-effective. If the burners are delayed
combustion low-NOX (older type) burners, the benefits of their retrofitting into
rapid injection burners can be assessed quite easily and an evaluation of the ben-
efits has to be made case by case.
Low-NOX burners with OFA to a 250 MWth cost approximately 1.7 million €
to a solid fuel boiler. In coal-fired boilers, the price of NOX reduced has been ap-
proximately 500 €/tNOX removed and, in gas-fired boilers, under 500 €/tNOX re-
moved. If there are improvements made to fuel grinding systems, the expenses
can rise significantly, naturally depending on the scale of work.
Reburning
Process
Reburning process is a secondary measure to reduce polluting NOX emissions. The
principle is to reduce formed nitrogen oxides back to nitrogen. This is possible by
injecting a secondary fuel into the boiler and by that means to have another sub-
stoichiometric combustion zone in the boiler. The oxygen deficient zone in the
reburning area is sometimes ensured by using recirculated flue gas as a carrier
agent for the reburning fuel. The hydrocarbons from the secondary fuel reduce
the NOX formed in the primary combustion zone. The reburning process also re-
quiresa burnout zone, which can be arranged with upper overfire air. That is why
the reburning technique is often called three-stage combustion.
This technique fits best new boilers, but if there is space to have a long enough
residence time for burning after OFA, there is no reason why this cannot be add-
ed to an existing boiler. It is also a useful method for all fuels used in pulverised-
fired solid fuel boilers and for liquid as well as gaseous fuels. Reburning can also
be arranged for each burner, not only for the boiler as a whole. Reburning fuel
must ignite easily and must not have much nitrogen.
Environmental effect
Reburning reduces emissions to approximately 50 % at best. The reduction rate
depends on the basic level and the boiler structure. Use of this technique has to
be assessed separately in retrofit boilers, because there has to be enough room to
complete the burning process after the reburning fuel and the secondary air sup-
ply. If the process is not well designed, there might be a possibility of causing more
damage to the environment by producing unburned hydrocarbons and carbon
monoxide.
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Operating experience
Major problems are caused by incomplete combustion. This measure suits best
boilers that have a long enough residence time and where proper reburning fuel
is available at a reasonable cost.
Natural gas has proven to be the best reburning fuel, because it is easily flam-
mable and has neither particles nor sulphur in it. The availability of this fuel is very
limited in many cases, which makes this technique suitable only for certain areas.
Economic aspects
The costs of this technique depend on the structure of the boiler and on the fuel
used in production. The auxiliary fuel, like gas, creates costs too, but releases, on
the other hand, heat to the process and can be thought a fuel. So the calculations
should be made for the whole power plant economy including possible changes
e.g. in the boiler efficiency.
Our experience is that reburning is not as cost-effective as low-NOX burners
with OFAs are, but it is an appropriate measure for reducing NOX emissions. One
estimate gives reburning costs close to 2.5 million € to a 250 MWth boiler. There
have also been calculations showing that the expenses of reburning installations
have been twice as high as the costs of low-NOX burners with OFA.
Figure 14. Reburning process with OFA installed before the reburning stage.
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4.2.2 Primary techniques in fluidised bed combustion
Process
NOX emissions in fluidised bed combustion (FBC) is usually clearly lower than in
conventional pulverised fuel combustion. The combustion temperature in FBC is
typically low, which guarantees a low level of thermal NOX formation. Under the
circumstances, all NOX emissions are basically caused by the fuel bound nitrogen.
The NOX formation in FBC can be further limited by minimising the excess-
air ratio and by staging the combustion air. In modern fluidised bed boilers, the
secondary air ports are installed in addition to the fluidising air inlets. A part of
combustion air is injected through these separate ports, which are located in the
upper part of the furnace on levels 1 to 3. Thus the lower part of the furnace can
be operated with a low air ratio, which inhibits NOX formation. Secondary/terti-
ary air injected through the upper air ports ensures a complete burnout. The pro-
duction of nitrous oxide (N2O) appears to be greater in FBC (especially in circulat-
ing fluidised beds) than in conventional pulverised fuel combustion, due to the
slower degradation of the compound at the lower combustion temperatures.
Secondary measures, like selective or non-selective catalytic reduction proc-
esses are also possible in FBC boilers. The fuel used together with other process
parameters and the operation profile of the boiler influence the feasibility of each
technique.
Environmental effect
The factors affecting the production of NOX and N2O can be broadly categorised
into those originating from the fuel type and those created by the combustor de-
sign and operating conditions such as temperature, air staging and boiler load.
Except for the combustion temperature, the effect of operation conditions on NOX
and N2O emissions in FBC are often contradictory. The contradictions are believed
to be due to the different FBC technologies employed; that is, bubbling, circulat-
ing, and pressurised beds, as well as boiler size and the complex chemistry of for-
mation and destruction of N2O and NO.
The furnace temperature is the single most important parameter affecting the
formation and destruction of nitrogen compounds. N2O emissions decrease with
an increase in the bed temperature, and NO exhibits an opposite trend.
The achieved NOX emission level depends on the properties of the fuel, e.g.
volatile content nitrogen and type of nitrogen compounds in the fuel. The NOX
emission is observed to increase with increasing nitrogen and volatile content of
the fuel. The effect of air staging on NOX emissions depends on the fuel type and
the boiler type. Stronger staging reduces NOX emissions in CFB boilers burning
coal and in BFB boilers. However, strong air staging may increase NOX emissions
in CFB boilers burning high volatile fuels such as peat or brown coal.
Heavy limestone addition for SO2 removal tends to increase NOX emissions
and decrease N2O emissions. NOX emissions of 200 mg NO2/m3 can be normally
achieved in new fluidised combustion boilers, but the characteristics of the fuel
and the boiler have a strong influence on emissions.
Operating experience
The FBC is a well-established combustion technique. FBC boilers have typically
good availability (>95 %). Combustion with lower excess air or strong air staging
may increase emissions of unburned gases. In these cases, the importance of effi-
cient mixing of air and fuel in the combustion system must be emphasised.
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Economic aspects
The principle of the fluidised bed combustion comprises integrated environmen-
tal protection. It is impossible to separate the cost of NOX reduction from the total
investment cost, because it is incorporated into the combustion process. An eco-
nomic comparison between FBC and pulverised fuel firing systems favours the
former in most cases.
If some process improvements are made in an existing FBC boiler, the costs
and feasibility have to be assessed separately.
4.2.3 Secondary measures
Selective Non-Catalytic Reduction (SNCR)
Process
SNCR is a secondary measure in which emission reduction is carried out with a
chemical reagent injection, usually ammonia (NH3) or urea (NH2)2CO. The proc-
ess operates according to the following equations:
4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O or
(NH2)2CO + 2 NO + 1/2 O2 → 2 N2 + CO2 + 2 H2O
The optimal temperature range for reagent injection is between 850–1 100 °C. The
process is very sensitive to the temperature, which makes it less effective in boil-
ers with various loads. The optimum temperature for ammonia injection is less
(870 °C) than for urea injection (1 000 °C). Operating in the optimal temperature
range is important, because, at the above temperatures of 1 100 °C, more NOX is
formed and, below 850 °C, more ammonia is formed from the reactant. This means
that SNCR suits best for boilers with a regular load and homogenous fuels.
The longer the reactant stays in the optimum temperature window, the better
the NOX reduction is. The minimum residence time should be at least 0.3 seconds,
and a residence time of 1 second is enough to have an optimum reduction rate.
Figure 15. SNCR device.
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The process is recommended to be equipped with more than one injection
level to avoid the problems, which may be caused by varying boiler loads or an
unstable burning process. It is also important to choose injection nozzles that make
mixing as effective as possible.
Nozzle selection also affects the droplet size. Too small droplets evaporate
quickly causing more NOX emissions and too large droplets do not evaporate rap-
idly enough to cause an increase in the ammonia slip. The amount of reactant in-
jected must not be too large, because it leads to an increased ammonia content of
the flue gases and the fly ash.
The injection can be carried by overfire air or recirculated flue gas. Other
carriers used are air, steam and water. There are strict safety requirements for us-
ing these chemicals because of the toxicity. Ammonia is often used in aqueous form
and urea in a solid solution because of their lower storage expenses.
Environmental effect
Experience has shown that it is possible to achieve 30 % reduction in NOX emis-
sions by this method. Often this alone is not enough, so it can be used together
with primary techniques.
Problems are possible when injecting urea. Urea may form increased emis-
sions of N2O, and there is also the risk of corrosion. As mentioned before, there is
always a risk of increasing the emissions of ammonia and NOX, if the process is
not well controlled.
Operating experience
This measure is not very useful in boilers with load variations and with the qual-
ity of fuel unstable. The equipment is quite easy to install and does not take too
much space, even if in almost every case there must be more than one injection
level.
SNCR has a low reduction rate, so it can be used alone in boilers having al-
ready quite a low emission level. It can also be useful in boilers equipped with
some primary reduction technique.
SNCR has been used in small fluidised bed boilers, oil-fired boilers and at
waste incineration plants.
Economic aspects
Construction costs depend a lot on the boiler and its operating profile. It has to be
evaluated, whether this technique can be BAT, because the emission reduction is
often very low and there are risks to the environment, which may become a real-
ity, if this technique is implemented.
The overall expenses of reduced NOX have varied from 800 to 1 300 €/t at
power plants where this measure has been used. According to some estimations,
the costs in Finland are approximately 2 500 €/t reduced NOX in a coal-fired 250
MWth boiler operating 4 000 h/a.
Selective Catalytic Reduction (SCR)
Process
The SCR process differs from the SNCR technique, not only because of the cata-
lyst, but because the temperature window for the reaction is in the cooler part of
the boiler, usually between 300 and 450 °C. Reactants used are either ammonia or
urea. SCR is much more effective in reducing emissions than SNCR, but the price
of catalyst makes it uneconomical for smaller plants. It is also possible that there is
not enough room in the existing power plant to construct an SCR device.
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The reactions of ammonia are as follows:
4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O
2 NO2 + 4 NH3 + O2→3 N2 + 6 H2O
Usually ammonia is in water solution, but it can also be used in liquefied form,
which gives some restrictions to the storage and handling. Liquefied ammonia has
to be evaporated to gaseous form, for example, by steam or electricity. The reac-
tant must be mixed properly with flue gases to get a good reduction of NOX with-
out any excess reactant, which may cause an ammonia slip.
Catalysts can be installed either before or after the dust separator. Depend-
ing on the location, they are called as high-dust or low-dust catalysts. In some cas-
es, the catalyst may be installed after the FGD plant, and this solution is called the
tail-end catalyst. There are three kinds of catalyst structures; plate, honeycomb
and pellets. The plate and honeycomb devices are ordinarily used in high-dust
catalysts and the pellets in low-dust catalysts.
The catalyst material can be a heavy metal oxide (like TiO2), zeolite, iron ox-
ide or activated carbon. Activated carbon is used in low-dust catalysts and its cat-
alytic temperature range is 100–220 °C. Other materials are used in high-dust cat-
alysts at higher temperatures.
Most catalysts are high-dust devices, over 60 % of them. Because the plate
type of structure is more durable for erosion than the honeycomb type, it is quite
commonly used in high-dust catalysts.
Figure 16. SCR device installations.
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Figure 17. SCR device in a power plant process.
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Environmental effect
The reduction of emissions depends on the volume of the installed catalyst. Nor-
mally, the reduction rate of 80 % is achievable in a new power plant. If the process
is not working properly or the catalyst has deactivated, there is a possibility of an
ammonia slip after the catalyst.
Operating experience
Catalysts suit for a wide range of fuels. There still may occur some difficulties in
high-dust catalysts. Catalyst can be poisoned and the surface can be clogged due
to some components of the fly ash. Poisoning and clogging deactivate the catalyst
and the efficiency decreases. This may cause increased ammonia slip and jeopard-
ise the recyclability of fly ash. Deactivation may cause other trouble after the SCR
device, because there may form salts of ammonia with sulphates.
The process is not completely selective, because SO2 can oxidise in the cata-
lyst into SO3, which reacts with ammonia forming salts. These salts can cause prob-
lems in the air preheater.
If there is a wet FGD scrubber after the SCR, the ammonia goes also to the
wastewater of the FGD plant. Despite of these problems, the process is quite sim-
ple and the availability is excellent.
Economic aspects
The investment costs of an SCR device are considerable. Every case has to be eval-
uated separately, because the remaining operation time plays an important role
in the economic feasibility. The role of the plant in competing electricity markets
has also been assessed, and it seems that SCR devices are feasible in large combus-
tion plants with plenty of remaining operating hours and in a role as a base load
producer. Also, the price of reduced NOX tonne varies between boiler types. Tan-
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gentially-fired boilers have higher costs per tonne of NOX reduced, because they
have lower original emission levels. The reactant costs are relatively lower than in
the SNCR plants.
Operating costs depend on the type of the SCR. If it is a tail end device, the
flue gases may have to be reheated before the stack. This may demand even 2 %
of the electric capacity of the plant. In the applications without need for reheat-
ing, the operational costs mainly consist of the price of the reagent.
Pressure loss of the catalyst increases during the use. This increases the de-
mand of auxiliary power, since there are no commercial applications for cleaning
the catalyst while the plant is operating.
In a 250 MWth coal-fired plant, which operates 4 000 h/a, the costs of reduced
emissions are approximately 5 000 €/t. The assumed reduction rate is 70 %.
4.2.4 Gas turbine combustors
Gas turbine NOX emissions are formed by two mechanisms. Due to a normally
high flame temperature, the nitrogen in the combustion air reacts with oxygen to
form NO and NO2. Some fuels contain nitrogen compounds, which may form
NOX emissions in this process.
Also some other emissions may be released from gas turbines, like carbon
monoxide, unburned hydrocarbons, sulphur oxides and particles. Naturally, these
emissions depend on the fuel used and, normally, their amount is very low.
There are three principal methods for controlling gas turbine NOX emissions:
the injection of water or steam into the combustion chamber in conventional dif-
fusion flame burners, the design of burners to limit the formation of NOX in the
burning zone or the catalytic clean up of NOX from gas turbine exhaust (also used
together with the other two methods above). The second method mentioned
above is better known by the name “Dry Low-NOX” or “DLN” technique.
Water/steam injection
In the early eighties, there were just a limited number of regulations on the NOX
emissions in the USA. These regulations required using either steam or water in-
jection to exceed these new NOX emission levels for oil-fired simple cycle gas tur-
bines. The amount of water required to accomplish this is approximately one-half
of the fuel flow. Later, when the regulations were still tightening, also the gas-fired
gas turbines began to need either steam or water injection to meet the new regu-
lations.
Process
Water or steam is injected into the combustion chamber to reduce the primary
combustion zone temperature. By reducing the flame temperature, the thermal
NOX formation will be decreasing. The effect of water or steam injection is quite
significant, because the rate of generation of thermal NOX is an expotential func-
tion of the temperature of the flame.
The water or steam has to be prepared, considering its effects on the gas tur-
bine, which means high quality demands on the water treatment system. In
present modifications, steam is more used than water. Steam is prepared in a pos-
sible heat recovery boiler, and if there does not exist one, it is produced in the heat
exchanger installed into flue gas duct.
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Environmental effect
The commercial steam injection deliveries have achieved an approximately 60 %
reduction rate in NOX emission levels resulting in NOX emissions of 110 mg/m3. It
has been estimated that an 85 mg/m3 emission level is possible to achieve, but this
means increasing steam injection from present and causes therefore much higher
operational costs.
Operating experience
Water/steam injection has been very effective in reducing the NOX emissions.
However, water/steam injection sets strict requirements for the water supply sys-
tem availability and quality.
One disadvantage of the water/steam injection into the combustor chamber
is that the injection increases the maintenance of the gas turbines’ hot path com-
ponents.
The emission level varies a lot, depending on the load of the turbine. In many
installations, the steam can be produced only in higher loads, which means that
emissions will reduce only after this base load level has been achieved. This char-
acteristic makes this measure of little use for power plants with lots of load chang-
es.
Economic aspects
The operating costs are formed from the water costs.In case of a base load Frame
6B (40 MWe), the injected water was 1.8 kg/s (ca. 70 % of the gas fuel mass flow)
and the achieved emission levelwas about 110 mg/m3.
A steam injection retrofit for a 140 MWth gas turbine costs about 1.7 million €.
Water or steam injection increases the gas turbine output by approximately 3
%, making the injection for power augmentation economical in some peaking
applications. For a base load plant, however, the problem is that the water or steam
injection increases the gas turbine heat rate by about 1.8 %.
Dry Low NOX burners
Process
The dry low-NOX technique is based on lean premix combustion. The design de-
tails differ significantly from manufacturer to manufacturer, and between differ-
ent gas turbine sizes. The main principle is the same, however: bringing the max-
imum flame temperature down by mixing most or all of the available excess air to
the fuel before combustion.
For reasons of flame stability, the premix operation is possible only at the
upper load range, typically from 70 % to 100 % load. Below that diffusion flame
with attendant higher NO2 needs to be used. Because of this, and also for efficien-
cy reasons, gas turbines are seldom operated continuously outside this load range.
To achieve an acceptable burning result (efficient and stable) in these lean
operation circumstances, some low-NOX burners have a continuous small diffu-
sion flame acting as an ignition system for the premix burner. In the modern Dry
low-NOX combustor, there may be up to four fuel supplymodes, which enable a
safe operation and optimal emission control over the whole load range, including
the start-up and shut-down phases, during which the NO2 emission limits are tem-
porarily exceeded.
Environmental effect
Today, the Dry low-NOX combustion systems for gas turbines achieve NOX emis-
sions under 60 mg/m3 with natural gas and about 95 mg/m3 with distillate oil. The
emission techniques are still under development. The newest models are
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equipped with new Dry low-NOX combustion systems, which will achieve NOX
emissions of under 25 mg/m3.
Operating experience
The Dry low-NOX combustion systems have been very effective and reliable. To-
day, all industrial use gas turbines are equipped with Dry low-NOX systems.
Economic aspects
Modern Dry low-NOX burner retrofits cost some 2 million € to a 140 MWth gas tur-
bine. New burners are very economical to operate, so there should not appear any
big losses of energy in the form of hydrocarbons etc.
Selective Catalytic Reduction (SCR)
The Selective catalytic reduction (SCR) was presented earlier in this document.
The conventional SCR technology requires that the temperature of the exhaust
flow remains within a narrow range (290–400 °C) and is thus generally restricted
to applications with a heat recovery boiler. The SCR is installed at a location in the
boiler where the exhaust gas temperature has decreased down to above the men-
tioned range. The new high-temperature SCR technology, which may allow SCRs
to be utilised for simple cycle applications, is currently under development.
Depending on the base level, it is possible to achieve an almost 90 % reduc-
tion rate in gas turbine processes using SCR for NOX removal. There have occurred
few problems with fuels containing sulphur more than 1 000 ppm. Sulphur has
poisoned the catalyst material and has deactivated the SCR process. Another prob-
lem has been observed when the sulphur and ammonia form corrosive com-
pounds.
4.2.5 Comparison of NOX reduction techniques
It is sometimes possible to construct more than one OFA system in a boiler. The
expenses of this tertiary air supply are not as high as when commissioning only
one OFA, because these over fire air systems may use some common parts. The
efficiency of this tertiary air supply is lower than that of the secondary air, but,
together, the secondary and tertiary air supplies enable a better reduction rate. A
problem may be, whether there is enough room for this device and enough resi-
dence time for the chemical reactions to be completed. The changes in the efficien-
cies can be made by adjusting the air amounts between the primary and second-
ary (and tertiary) air supplies. This adjustment does not cause any operational
costs, unless the amount of unburned carbon increases, causing the fuel econom-
ics to suffer.
The environmental efficiency of modern low-NOX burners compared to old-
er low-NOX burners depends on the case. Very often, it is feasible to change the
burners into modern models, and this option has to be assessed separately. The
OFA system should always be installed with low-NOX burners to get a good envi-
ronmental effectiveness. The adjustment functions in the same way as mentioned
above in the OFA case.
Reburning does not give any remarkable extra value to the boiler, but it makes
it possible to achieve better combustion results and use difficult fuels without jeop-
ardising effectiveness of the low-NOX burning result.
In fluidised bed boilers, it has to be considered whether to reduce NOX emis-
sions by lowering the combustion temperature or by other means. Some kind of
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optimisation between NOX and N2O is one way of handling this process. Second-
ary measures are possible to implement into the fluidised bed boiler, if it is eco-
nomically feasible.
The SNCR system could be installed in processes with quite stable conditions
and optimal temperatures for reactions to occur. Normally, there are only minor,
if any, opportunities to improve the efficiency of the process.
The SCR device is the most effective deNOX measure and, simultaneously, the
most expensive one. It should be installed in power plants with a long remaining
operation time and a big installed power production. The efficiency of the SCR
process can be improved by adding extra layers of catalysts into the duct, if there
are reservations made for this measure.
Gas turbines should be equipped with some NOX-reduction system present-
ed above. All of them are efficient. When selecting the reduction measure, also the
operation profile should be taken into account.
4.3 Reduction of emissions of unburned gases
(CO/CXHY)
Process
The emissions of unburned gases can be reduced by advanced combustion tech-
niques. Unburned gases from combustion can be divided into two main groups:
carbon monoxide (CO) and hydrocarbons (CXHY). The emission of these gases is a
consequence of incomplete combustion that can be caused by too low a tempera-
ture or too short a residence time in the combustion zone, or inefficient mixing of
fuel and combustion air leading to local areas of oxygen deficiency.
Carbon monoxide is the most important unburned gas, and it is a stable com-
pound even in high temperatures if there is no oxygen present. Hydrocarbons, on
the contrary, are decomposed and form soot in a high temperature in an oxygen-
poor atmosphere. With some simplification, it can be said that CXHY emissions
could be generated, when a low combustion zone temperature and inefficient
mixing of fuel and air occur simultaneously. Such conditions are rare in large
modern furnaces.
Table 12. The characteristics of nitrogen oxide emission reduction techniques in pulverised-fired boilers.
Technique Reduction rate1 Economics Experiences
Over fire air (OFA) + (about 50 %)1 +++ most common, if well designed unburned carbon is not
problematic
Modern low-NOX burners ++ (50–80 %)1 +++ sensitive for the quality of fuel preparation and distri-
bution
Reburning + (about 50 %)1 ++ needs long enough residence time to complete burning
process, reburning fuel has to be easily flammable
SNCR + (about 30 %) ++ very sensitive for process changes like temperature
SCR +++ (about 80 %) + suitable for wide variation of fuels, possible ammonia
slips, dust and some metals in ash cause problems
(+++ good, ++ fair, + poor)
1) For each technique applied alone, cannot be either summed or multiplied if several techniques are used simultaneously.
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Environmental effect
Generally, CO emissions can be kept under 50 mg/m3n when the combustion is
well controlled. Hydrocarbon emissions in modern power plant boilers are negli-
gible, typically below 5 mg/m3n.
The emissions of unburned gases are affected by several parameters. Typical-
ly, the emissions of unburned gases are highest, when there are problems in con-
trolling the fuel/air ratio in the furnace or the fuel quality is unhomogenous (waste
or biomass). Coals with low reactivity and volatile content (anthracites) tend to
increase emissions. Higher emissions can also be a consequence of a low combus-
tion temperature caused by low-rank fuel, partial load or malfunction of the burn-
er.
Operating experience
Some measures to reduce NOX emissions, such as combustion with lower excess
air or strong air staging, can increase emissions of the unburned gases. In these
cases, the importance of assuring an efficient mixing of air and fuel in the combus-
tion system must be emphasised. NOX reduction with the SNCR method can also
cause higher CO emissions. CO emissions can be decreased, when limestone feed-
ing is increased in the fluidised bed combustion.
Economic aspects
Like the costs of NOX reduction, it is impossible to separate the cost of these meas-
ures from the total investment. If there are problems with unburned gases in an
existing power plant, the case has to be assessed separately, and the possible ex-
penses will be clarified in a feasibility evaluation.
4.4 Particulate emissions
Particulate emissions are formed from the mineral content of fuel and condens-
ing volatiles released during the boiler process. A very small portion of the partic-
ulates comes from the erosion of down wearing components. The composition of
particulates varies a lot, due to the different origin of fuels and various process
parameters.
These emissions may affect the environment in many ways. Alkaline parti-
cles have a neutralising effect on the release of acidifying gases and helps, in some
cases, to reduce the stress to the environment caused by use of energy. Generally,
particulates cause more disadvantages than benefits. They contain many metals,
which have a polluting influence on the environment. Particles, smaller than 2 µm,
penetrate into human lungs causing respiratory diseases.
Table 13. Removable particle sizes by typical collectors.
Collector type removes bigger than X µm diameter particulates
Settling chamber 100
Cyclones 50
High efficiency cyclones 10
Wet scrubbers 2
High energy scrubbers 0.2
Fabric filters 0.01
Electrostatic precipitators 0.01
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Solid material can be removed from the boiler process as bottom ash or fly ash.
Bottom ash is removed from the furnace. Bottom ash is cooled, for example, by
water, and after/while cooling it is transported to a temporary storage. Fly ash is
removed from flue gas ducts and precipitators.
The actual dust precipitators remove the largest amount of the particulate
matter. The most common dust precipitators in power plants are the electrostatic
precipitators (ESPs). Another effective precipitation technique is fabric filtration,
also called baghouses. These two techniques are used at power plants of all sizes.
Modern baghouses are able to remove particles as small as 0.01 µm diameter.
Small power plants also use cyclones. They work by centrifugal forces and,
due to quite a low separation degree for the small particles, they can be used as
pre-precipitators at power plants, where this kind of measure is needed. Wet
scrubbers are suitable for small plants, too, and they are usually used at plants,
where there exists a need for flue gas desulphurisation or removal of other gase-
ous pollutants. Heat recovery of flue gases is possible to arrange in wet scrubbing
systems.
The efficiency of a particle removal device affects further the end-product of
the possible FGD process. If too large amounts of particles go into the gypsum
produced in the wet scrubber, the quality of gypsum may not be reuseable. Wet
flue gas desulphurisation systems also remove particles, to some extent, and work
like wet particle scrubbers.
4.4.1 Electrostatic precipitators
Process
Particles are passed through a corona or charging field where they receive an elec-
tric charge. The charged particles then move across the gas stream to be deposit-
ed on the electrode. From the collectors, the particles are removed into receiving
hoppers or troughs either by mechanical shock impulse rapping in a dry applica-
tion or by water washing in the wet precipitator. In industrial separators, this
whole process takes place simultaneously in one stage. Two-stage precipitators
have separate charging sections.
The precipitators are tube-type or plate-type devices. In plate-type precipi-
tators, which are more common in power production, a row of discharge wires are
positioned between the parallel collecting plates forming a duct. Dust is deposit-
ed on the collecting plates, due to electrical and van der Vaals forces, where it is
removed as mentioned above. The collecting plate is divided into series and the
parallel fields each have theirs own power supply. These separated fields enable
adjustment for different fuels and conditions.
The efficiency of ESP depends on the gas flow characteristics, ash quality and
precipitator design. Gas flow should be equally distributed over the whole precip-
itator, and the flow velocity has to be moderate. The gas flow distribution is shaped
by guide vanes in flue gas ducts and by the front plate before the collector plates
and wires.
The resistivity of the fly ash is the major parameter in the electrical charging
characteristics of a particle. The resistivity of the ash should be in a proper area.
Both too low and too high a resistivity may decrease the efficiency of the ESP. Ash
quality depends on the fuel, boiler process and possible sorbent feed into process.
For example, the use of limestone for desulphurisation may increase the particle
emissions, due to both an increased ash amount and poorer separation properties
of calcium. So, if sorbent injection is attached to the boiler afterwards, the possi-
bility of increased particle emissions has to be taken into account.
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The electrostatic precipitation process can be improved by flue gas condition-
ing. Adding a suitable reactant into the flue gas to get an optimal resistivity on the
fly ash surface can do this. Sulphur trioxide and water have been promising agents
for this purpose. Research is going on to modify the electrostatic precipitation
process to remove also gaseous pollutants like SO2 and NOX from the flue gases.
Environmental effect
Electrostatic precipitators are very effective in flue gas particulate separation. Re-
duction rates of over 99 % are commonly achieved, but, in some circumstances,
this is not attainable. Even though the reduction rate may be over 99 %, the reduc-
tion of very small, and most harmful, particles is usually lower. The emission level
of 50 mg/m3 is quite easy to achieve, and the level of 30 mg/m3 is nowadays also
very common.
The removal of particles can be improved by enlarging the precipitator or by
adjusting the temperature of the flue gases, if these measures are feasible. Enlarge-
ment causes more expenses, due to investments, and lowering the temperature
may cause corrosion in some circumstances.
Operating experiences
A moderate sulphur content in the flue gases decreases the resistivity of particles
and enables better particle reduction. If the gas distribution in the precipitator is
uneven, there will appear cooler parts inside the device. The more sulphur there
is in the fuel, the higher dew-point is possible. If these two, the unequal tempera-
ture distribution and the higher dew-point of sulphuric acid meet, there is a big-
ger risk for material damages and an unavailability of the device.
Problems may occur while burning fuels, which form volatiles, and the vola-
tiles coat particles hampering effective precipitation. This is possible with low cal-
orific value fuels, and when the boiler process is unstable.
Economic aspects
The cost of use of electrostatic precipitators comes from electricity consumption,
maintenance expenses (strongly depends on the boiler process and fuel proper-
ties) and the conveying of the precipitated ash.
Electrostatic precipitators are cost-effective devices to reduce particle emis-
sions. The investment costs are somewhat higher than the other feasible tech-
niques. The operational costs are smaller than the corresponding costs of the oth-
er techniques, and the modern control systems reduce these expenses even more.
The operational costs vary a lot, due to the different properties of fly ashes. Main-
tenance costs are normally very reasonable, when processing ordinary fly ash.
These devices are competitive at power plants having a wide range of installed
power and a variety of boiler processes.
4.4.2 Fabric filters
Process
Flue gas is passed through a porous fabric material, and the solid material will stick
to the surface of the fabric, while the cleaned gas goes through the filter. Dust
forms a porous cake on the surface of the filter material, which enhances the re-
moval efficiency.
Fabric filters are located downstream of the air preheater and generally op-
erating in the temperature range from 120 °C to 180 °C, but there are also materi-
als for higher process temperatures. The technology can be divided into three
types, according to the cleaning system.
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In the reverse gas filter, the cleaned flue gas is sent into the reverse direction
through the filter compartment causing the bags to collapse partially inwards and
dislodge the fly ash cake. Sometimes, this system is affected by introducing low
frequency sound into the filter. In the pulse jet filter, compressed air pulses are sent
into the filter causing cleaning. The third cleaning mechanism is shaking the bags
mechanically.
The selection of fabrics is abundant. Process parameters together with eco-
nomics determine the usable materials. The operating temperature is the first pa-
rameter to notice to avoid destruction of the fabrics. Particle size distribution is
essential to define, because pressure drop in the device should be reasonable. The
other important characteristics are acid and alkali resistance, as well as flex and
abrasion resistance.
Flue gas conditioning can be used to increase the efficiency of baghouses. The
target is to improve the binding forces of particles in the fly ash layer. This results
in a better removal of fine particles. Dual conditioning with SO3 and NH3 seems
to be a promising measure in improving the particle reduction efficiency in fabric
filter. Materials have lately been developed to work as catalysts, to reduce also
gaseous polluting emissions.
Environmental effect
Well designed fabric filters are very effective particulate precipitators. There are,
as mentioned above, a wide variety of fabric materials with different properties.
When the properties of ash and ash layer on the fabric surface are taken into ac-
count in the design and material selection, it is possible to achieve a high reduc-
tion rate also for small particles. The achievable emission level is under 30 mg/m3
with a well-designed fabric filter.
Nowadays, fabric filters are used in reducing also gaseous emissions when
sorbent and/or activated carbon is injected into the flue gas duct. The dust layer
on the surface of the filter increases the reaction time between the sorbent and the
flue gas, and the influence on emissions is remarkable. These combined, a sorb-
ent injection with baghouse, are economical at small power plants.
Figure 18. Baghouse flowsheets.
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Operating experience
Because there are plenty of different
materials on the market, the operator
has the possibility to choose the best
one for his own needs. Filter materi-
al has to be selected with care to
avoid problems caused by changing
the process parameters.
Some fuels may cause clogging
problems, which complicate the
function of the process. These clog-
ging problems may occur in situa-
tions like start-ups, when oil is
burned. The filter material is usually
quite sensitive to the temperature of
the ash and flue gases, so unburned
carbon and hot fly ash agglomera-
tions may damage the filter material.
There may also form cracks in
the fabric material, and these are dif-
ficult to detect during the operation.
These cracks increase the emissions
of particles. If the baghouse is of
modular design, and modules are
isolated and maintenance work is
possible during the process.
Economic aspects
Investment costs are lower than the costs of an ESP. The pressure drop as well as
bag cleaning cause higher operational costs. The operational costs vary by the type
of filter operating and cleaning and the filter material.
Maintenance costs are high too, because the filter material has to be changed
every 2 to 5 years. The expense of the filter change is approximately 10 % of the
investment cost. Precipitated material is easy to recycle, and, for example, unre-
acted sorbent can be returned into the process and have some economical value.
4.4.3 Wet scrubbers
Process
Scrubbing techniques are usually feasible, when, beside particles, there are also
some gaseous pollutants like SO2 that have to be removed. Washing fluid, for ex-
ample water, is injected into the flue gas in a chamber or in a venturi throat. After
injection, the fly ash particles collide with the droplets forming a wet by-product
for disposal.
The efficiency of scrubbing depends both on the size of the droplets and the
size distribution of the particulate matter. The efficiency decreases as the particle
size decreases. When SO2 reduction is needed, the sprayed liquid is an alkali/wa-
ter mixture.
Droplets will be removed from the flue gases by mist eliminators. The drop-
lets collapse onto a mist eliminator surface and are removed from the gas stream.
A separated wet by-product is conveyed to the wastewater treatment.
Figure 19. Baghouse cleaning systems.
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Environmental effect
Normally, wet scrubbers are not as effective as electrostatic precipitators or bag-
houses. Relatively high reduction rates can be achieved, but this technique is not
effective for fine particles. The particular removal process produces wastewater,
which increases the environmental burden. The by-product is very seldom reusa-
ble.
This measure is suitable for relatively small power plants with a need for both
particulate and gaseous pollutant reduction. Condensing wet scrubbers can be
used also for heat recovery. If effective wastewater treatment is required, this
measure is not economically feasible.
Operating experience
Separation efficiency is good when processing moderate dust loads. So this tech-
nique is not very suitable for high ash content fuels.
If the mist eliminators do not work properly, there is a possibility that small
water particles, including fly ash, will remain in flue gases after the scrubbing sys-
tem. Large dust loads cause clogging jeopardising operational availability and ef-
fectiveness.
Economic aspects
Investment costs are high including reactor, a possible sorbent injection system
and a wastewater treatment plant. Operating costs are significant, too, consisting
of water consumption and energy costs.
Condensing scrubbers cool the flue gases, and the absorbed heat can be used,
for example, for district heating, which improves the economy of the apparatus.
4.4.4 Mechanical separators
Process
In mechanical separation, the flue gas-
es are led to a cyclone, where the parti-
cles will separate from the gas stream,
due to centrifugal forces. The separated
particles will follow the stream towards
the bottom of the device and drop into
the hopper located under the cyclone.
Cleaned flue gas escapes from the ap-
paratus via a central tube.
Cyclones and multicyclones can be
designed to precipitate particles bigger
than a certain diameter. In practice, this
is not exactly how the system works, be-
cause also some bigger particles that
designed will remain in the flue gas and
also some smaller particles will be pre-
cipitated, due to agglomeration of ash
particles.
Main factors that affect the per-
formance of the device are the particle
flue gas
outlet
collected
fly ash
particles
cleaned
gas
Figure 20. General characteristics of a conventional cyclone.
71The Finnish Environment 458 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
size and density. Larger and heavier particles are thrown forcefully from the gas
stream, so the bigger and denser the fly ash solid components are, the better re-
duction rate is achievable.
Environmental effect
Cyclones are not effective enough to fulfil the environmental regulations of today
at most power plants. They can be used as pre-collectors, so usually there must be
another precipitator to purify also the small particles. Multicyclones can be con-
sidered as BAT in some oil-fired boilers.
The most practical application for an efficient collection is possible when hav-
ing the particle diameter bigger than 10 µm.
Operating experience
The structure of the device is quite simple, and there are no major operational
difficulties. The materials have to be durable, because the wearing effect of the flue
gas solids. Cyclones have a very wide range of operating temperatures.
Economic aspects
Cyclones are not expensive. If the design and material selection are good, there
should not be any expensive maintenance costs either. The operating costs are also
very competitive compared to other particulate precipitation systems.
4.4.5 Comparison of particle collection techniques
Table 15 has collected an estimation on each technique. The reduction rate de-
scribes the effectiveness of the measure in particle removal. Economics character-
ises the expenses of a well-designed and well-operating device in particulate re-
duction. Experiences present some comments on the technique.
Table 14. The characteristics of particulate emission reduction measures.
Technique Reduction rate Economics Pressure drop Experiences
Electrostatic precipitators +++ +++ +++ most common,
(over 99.9 %) (2 000 Pa) effective for fine particles
Fabric filter +++ ++ + removes gaseous pollutants too,
(over 99.8 %) (15 000 Pa) sensitive for material destruction
Wet scrubber ++ + + removes gaseous pollutants too,
(normally under 99 %) (>10 000 Pa) ineffective for fine particles,
wastewater
Cyclone + +++ ++ can be used as pre-cleaner except in
(85–90 %) (10 000 Pa) some oil-fired boilers
+++ good, ++ fair, + poor
The economics vs. reduction rate is generally the best in ESPs. This is mainly be-
cause there is less need for auxiliary energy, like power or pressurised air. If the
resistivity of fly ash is too high, or there are other parameters worsening the effi-
ciency of the ESP, it is possible that the fabric filter is a more feasible measure, both
economically and environmentally, at larger power plants.
One study showed costs comparisons made on a new 250 MWe power plant,
and the estimated costs were equal between the ESP and the pulse-jet baghouse,
but the reverse-air baghouse was 10 % more expensive than these two techniques.
The investment costs were cheapest in the pulse-jet baghouse (40 €/kW electrici-
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ty) compared to ESPs (50 €/kW electricity) and the reverse-air baghouse (60 €/kW
electricity). O&M costs were 4 €/kW in a year for ESP, 5 €/kW for the reverse-air
baghouse and 5.7 €/kW for the pulse-air baghouse. (Gaikwad & Sloat 1992)
At smaller power plants, it is possible also to commission, for example, a com-
bination of cyclone and wet scrubber to achieve a sufficient environmental pro-
tection. The advantage of the wet scrubber is that there exists a possibility for heat
recovery from the flue gases, additionally, the wastewater treatment system is
needed.
In conclusion, it can be said that ESPs and fabric filters are the most effective
particle removal methods so far. The environmentally, and economically, best tech-
nique has to be assessed case by case, due to the wide variety of fuels used.
4.5 Prevention of water and soil pollution
Oil and chemical leakage into soil and water, uncontrolled disposal of by-products
(ash, FGD waste) and emissions of cooling water into watercourses can cause, in
the worst case, recognisable environmental damage. However, possible environ-
mental damage is easily avoided by taking into account the technical standards of
chemicals handling and by knowing the physical and chemical character of the by-
products. Discharge of cooling water does not have a noticeable harmful ecologi-
cal effect in areas with open discharge recipients and good mixing conditions.
4.5.1 Oil
The goal of the chemical safety of power plants is to protect people, property, and
the environment from risks occurring in the processing, transport, and storage of
chemicals. The main principles of oil management of power plants are the follow-
ing (Vesterinen E. 1993):
• Oil storage is not built on a classified groundwater area
• Shielding pools, banking and bases of oil-containing equipment and places
of oil processing and handling will be built so that oil leaks into the soil or
water areas are prevented
• Runoff water and rainwater from places of oil processing will be led into the
sewerage equipped with oil traps
• Both oily runoff and under drain waters are sewered, if possible, trough a
settling basin, before leading into a watercourse or the communal sewerage
system
• Tanks, pipelines and oil traps are installed, where necessary, with automatic
alarms
Fuel oil and chemical storage tanks and pipelines have to be planned and built
according to the demands of the applicable national or EN standards regarding
safety zones, storage design and construction, and other precautions for limiting
the possible damage in case of accidents.
4.5.2 Wastewater from water treatment systems
Natural water always contains more or less large quantities of contaminants,
which are not allowed in the water and the steam cycle of a power plant. This is
why complicated chemical treatment systems of natural water are necessary, be-
fore the water can be used as make-up water. Usually, make-up water treatment
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systems used for power plant purposes consist of the following physical and
chemical processes:
• Chemical pre-treatment of water.
• Demineralisation, partial demineralisation or total demineralisation, depend-
ing on the operation pressure of a boiler.
• Apart from the water treatment systems mentioned above, most of steam
power plants’ blow boiler water from the steam drum, in order to maintain
correct chemical circumstances in the evaporation cycle.
• The water treatment systems and the power plant process itself produce
wastewater that has to be treated by an appropriate wastewater treatment
system.
Chemical pre-treatment process
Wastewater coming from a chemical water pre-treatment plant contains the im-
purities of natural water, such as suspended solids, colloidal impurities like hum-
ic acid, colloidal iron, colloidal silica in concentrated form. Besides these, waste-
water contains commercial flocculation chemicals, usually aluminium salts and
ferric salts. These impurities and chemicals are harmless, so no chemical treatment
is required.
Wastewater is pumped into the settling basin, where the suspended solids are
separated by gravity. After that, wastewater can be discharged into the rain water
sewage system of the power plant or directly into the watercourse.
Water demineralisation process
Wastewater coming from a water demineralisation plant contains the salts of
chemically pre-treated water in concentrated form and regeneration chemicals. At
brine regenerated water-softening plants, saturated brine solution is used as re-
generation chemical. At demineralisation plants, cation exchangers are regenerat-
ed with a sulphuric acid solution or with a hydrochloric acid solution. Anion ex-
changers are regenerated with a sodium hydroxide solution. This is why acidic
and basic wastewater musts be neutralised before allowing to discharge into the
sewage system of a power plant. Basic requirement is that the pH value of neu-
tralised wastewater is between 6 and 9.
Wastewater from power plant process
In order to prevent salt and chemical concentration in the evaporation cycle of a
drum boiler, about 0.5 % of boiler water must be blown down continuously from
a drum. This water contains some salts and water conditioning chemicals dosed
to a feed water tank and a feed water pipeline. Typical chemicals are ammonia,
hydrazine and trisodium phosphate. The concentration of salts and chemicals is
so low that cooled blowdown water can be discharged without any treatment into
the sewage system of power plants. Usually, each power plant has a special col-
lecting tank for blowdown water, where blowdown water is cooled. After this,
blowdown water can be discharged into the sewage system of a power plant.
Wastewater from the wet desulphurisation process
Waste water from the FGD plant is at first treated with lime (Ca(OH)2) for pH reg-
ulation and then the solids, other harmful components and heavy metals are set-
tled and removed from the waste water. Typically, treated waste water is led e.g.
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to the sea or river. Normally, the sludge from clarifier is dewatered by using a fil-
ter press. The filter cake is removed into a container, which can be discharged into
the coal yard for burning or it can be landfilled. The filtrate can be circulated back
to the FGD process.
Untreated waste water is led from the FGD plant to neutralisation, where the
pH value of waste water is raised to the level of 8.5 by dosing of lime slurry. The
precipitation of sulphates continues and the precipitation of heavy metals as met-
al hydroxides begins. In the second neutralisation stage, the pH value is raised up
to the level of 9.5 by dosing of lime. The TMT-15 and FeCl3 chemicals are added in
the this stage in order to improve the precipitation of heavy metals. At the final
neutralisation stage suspended solids are flocculated with the flocculation poly-
mer and slow mixing.
From the flocculation tank, waste water is led by gravity into lamella clarifi-
er. The suspended solids are separated in the lamella clarifier and suspended sol-
ids will concentrate at the bottom of the lamella clarifier. Treated waste water is led
into the treated waste water tank, where pH can be adjusted by HCl, if necessary.
Removal efficiency of the heavy metals by using above mentioned waste
water treatment plant is approximately from 80 % to almost 100 %.
Investment costs of the waste water treatment plant are approximately from
1.0 to 1.5 million € with above mentioned waste water treatment plant. Chemical
costs (operation) are approximately 0.1 million € annually.
4.5.3 Cooling water
At conventional and CCGT condensing power plants, large amounts of low tem-
perature heat needs to be rejected into the air or water. The choice of the cooling
system is dictated by environmental and economic factors. The systems used in-
lude wet cooling towers, dry cooling towers, hybrid (wet + dry) cooling towers,
air-cooled condensers, and direct once-through cooling by water taken from a
watercourse.
The once-through cooling is the only cooling technology applied at Finnish
condensing power plants, and, in Finnish conditions, it invariably proves to be the
best available cooling technique. This is based on better efficiency of power gen-
eration and lower investment and operating costs compared to the other cooling
techniques. The relative gain in power generation efficiency of conventional con-
densing plants can be up to 8 %, depending on the ambient conditions.
The typical temperature rise in a once-through condenser is from 7 to 14 °C,
depending on plant load and ambient conditions. No changes in the water qual-
ity other than the rise in its temperature will occur at the power plant under nor-
mal operation. Cooling water is typically treated mechanically by screens, and a
chain sieve. Some fish and vegetation are drawn with cooling water and are re-
moved with the power plant’s cooling water screen.
Biofouling in the relatively cold and brackish (salinity < 0.6 %) Finnish sea-
water has proved to be a minor problem. Measures used in Finland against bio-
fouling are mechanical cleaning, toxic painting, mussel sieves and chlorination. As
regards toxic painting and chlorinating, no harmful environmental impact have
been reported. In some cases, no clorination is applied, in others, chlorination is
carried out for a period of one week when the seawater temperature sinks to 10
°C to prevent the mussel larvae from attaching themselves onto the cooling water
pipe walls.
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4.6 Disposal and utilisation of solid wastes
4.6.1 Quality of by-products
Coal and peat ash
Hard coal fly ash is a fine powder that is formed from the mineral matter in coal.
The major elements in fly ash are silica, aluminium and iron oxides (over 80 %).
Silicon occurs as crystalline quartz and, with aluminium, as a mullite like also in
the soil. Furthermore, ash contains trace elements like copper (75–139 mg/kg), lead
(4–100 mg/kg) and chromium (100–150 mg/kg) molybdenum (9–30 mg/kg) and
salts like sulphates (as sulphur 1 500–3 400 mg/kg and chlorides (320–430 mg/kg).
The bottom ash is formed of the same mineral matter as coal, but it contains more
silicates, sodium and potassium (Sloss L. 1996, Imatran Voima 1996). Peat fly ash
and bottom ash also consist of the same elements as coal ash. The trace element
(chlorides, chromium, arsene) content of ashes varies according to the source of
peat (Helenius J. 1992).
Fluidised bed combustion produces fly ash, bottom ash and furnace sand.
Typical of the FBC technique is that the ash quality varies according to the fuels.
The combustion of wood with coal and peat results in a higher calcium content in
ash, and also increased potassium, magnesium, manganese, zinc and cadmium
contents can appear. Co-firing of residue-derived fuels (RDF) can increase the
heavy metal content of ash. However, leaching tests have not indicated an in-
creased heavy metal solubility. (Manninen 1993, Sloss L. 1999, Savola T. 2000)
The negative effects on the environment depend on the solubility of the haz-
ardous elements of the waste material. The solubility of trace elements can be test-
ed by a leaching test. The Dutch leaching tests CEN 7343, CEN 7345 and CENprEN
12457 are normally used in Finland when assessing the environmental acceptabil-
ity of ash use in earthworks. It has been found that the solubility of metals of peat
and coal ashes is quite low. The heavy metals of both fly ash and bottom ash are
tightly bonded on a matrix and weakly soluble in water. Salts like sulphates and
chlorides are more soluble. According to tests, molybdenum is the most soluble
metal, and, depending on the fuel quality, also chromium will dissolve in minor
amounts. Furthermore, minor amounts of arsene, selenium and vanadium have
been detected in the leaching extract, but most metals, e.g. lead, have an extreme-
ly low solubility. (Clarke L. 1994, Imatran Voima Oy 1996, Mäkelä E. 1995)
By-products of flue gas desulphurisation
The technical content of gypsum (CaSO4 · 2 H2O 94–98 %) produced by the wet
flue gas desulphurisation process is very similar to natural gypsum. The fly ash
content of gypsum is normally very low (0.7 %), if the efficiency of the particle
removal is good. The most soluble components of the FGD gypsum are chlorides
and sulphates. The content of trace elements of FGD gypsum is on an extremely
low level, and leaching of metals is non-existent. The end product of wet scrub-
bing technique, gypsum, is a commercial product of the plant. It can be sold and
used instead of industrial gypsum. Practically all gypsum produced in the Finn-
ish coal power plants is utilised in the plasterboard industry. The purity of gyp-
sum limits the highest possible amount of limestone that can be fed in the proc-
ess.
The end product of the semi-dry desulphurisation process contains calcium
sulphate (CaSO4 · 2 H2O 5–15 %), calcium sulphites (CaSO3 · 1/2 H2O) inert calci-
um compounds (Ca(OH)2 5–20 %, CaCO3 5–10 %, CaCl2 , 0.5–3 %) and fly ash (1–3
%). The solubility of the end product is similar to that of fly ash: sulphates, chlo-
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rides and molybdenum are the most soluble compounds. The end product of
semi-dry desulphurisation processes is used in different construction purposes
instead of natural minerals. In Finland it has been utilised for road construction,
for earthworks of composting and storage fields, for filling of mine pits, and for
excavation dams in watertight construction. The utilisation degree has been
around 40 %.
FBC ash with calcium injection contains fly ash, calcium sulphate and inert
calcium oxide. (Mäkelä E. 1995, Imatran Voima Oy 1996, Walsh M. 1997)
A good practice is to investigate the chemical content and solubility of trace
elements of ash and FGD by-products produced at each power plant. Based on the
information on solubility, the environmental acceptability in both the end dispos-
al and the utilisation in earthworks can be determined. Low NOX burners, furnace
calcium injection, SCR for NOX, FGD methods, and other techniques of flue gas
cleaning and the fuel quality affect the quality of by-products, so tests should be
reperformed, if the fuel or the burning technique of the power plant changes sig-
nificantly.
4.6.2 Deposition in landfill sites
The dumping of by products is controlled by the environmental authorities, and
the Government Decision on Landfill Sites 861/98 has to be taken into account in
planning an ash disposal site. The main principles for minimising environmental
effects used at most Finnish ash disposal sites are the following:
• The Site has a sufficient distance from groundwater areas
• Water is prevented from flowing from the surrounding environment to the
disposal site by digging a ditch around the site.
• In accordance with the Government Decision on Landfill Sites 861/98, the
bottom of an ordinary municipal waste landfill site is compacted into the
consistence of k = 10–9 m/s (an insulating barrier). The bottom is underd-
rained and sloped.
• Leaching water is collected into the settling basin where the solid material
settles without any chemical addition into the water. After the settling pond,
the water flows in an outlet ditch to the recipient watercourse.
• Infiltration of rainwater is minimised by sloping and regularly compacting
the surface.
• The filled-up part of the site will be landscaped.
• The quality of the wastewater stream and groundwater is monitored regu-
larly.
The principles mentioned above also apply to disposal sites dedicated to ash or
desulphurisation waste, but the location of the site and the quality of ash and oth-
er waste dumped at the site have to be taken into account in the site design. For
example, in regarding the consistence of the bottom construction, case-specific
consideration is allowed. The consistence can vary e.g. from k = 10–7 to k = 10–9,
depending on the quality of ash and the location of the disposal site. (Lundgren T.
1986, Clarke B. 1993 and 1994, Imatran Voima 1996)
4.6.3 Utilisation of by-products
In 1998, about 580 000 tonnes of coal ash and 120 000 tonnes of bottom ash were
produced in Finland, and about 68 % of the coal ash was utilised. The utilisation
rate of bottom ash was 84 %. The coal fly ash is mainly used as raw material by the
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construction industry e.g. in soil and road construction, and the bottom ash in
earthworks.
The annual peat ash production amounts to about 176 000 tonnes, of which
ca. 60 % are utilised. About 77 000 to 173 000 tonnes of FGD gypsum are produced
annually, and virtually all gypsum is utilised in the plasterboard industry. The
production of semi-dry FGD product is about 66 000 to 91 000 tonnes annually, and
ca. 40 % of it are used in soil construction instead of natural minerals. The amounts
and utilisation rates of ash and FGD by-products in Finland in 1998 are shown in
Tables 4 to 6 of 4. (Finergy 2000)
Residues from FBC boilers can be utilised similarly as peat and coal ash, but
both technique factors and co-firing of fuels can affect the character of ash. Fly ash
of an FBC boiler mainly burning biofuels can be utilised as a fertiliser, if the require-
ments of Decision on Fertiliser given by the Forestry and Agriculture Ministry are
fulfilled.
The physical properties and the chemical character of fly ash determine its
suitability for use. Changing operational conditions of the power plant, e.g. an
installation of low-NOX burners, can also affect the ash characteristics. The parti-
cle size distribution, bulk density, pozzolanic properties, reactivity, chemical char-
acter and solubility have to be adequately characterised, in order to ensure the
possibilities to utilise different types of fly ash.
4.7 Noise reduction techniques
4.7.1 Theoretical background for noise reduction
The level of sound or noise is defined by using the energy content of the pressure
waves of sound. In absolute values, the variation in the energy content is large.
The power of whisper is about 10-7 W whereas the power of a turbo-jet engine may
be 104 W. Due to this large numeric scale, noise levels are presented by using a log-
arithmic scale with the decibel as the unit. The source of noise is defined by the
sound power level LW with a reference value of 10-12 W. The noise is measured and
sensed by pressure variations, and the level of sound from the recipient’s point of
view is defined by using sound pressure level Lp, whose definition is similar to that
of the sound power level, but the reference value is now 20 x 10-6 Pa.
(1)
The equations reveal that summing up two equal noise sources gives an increase
of 3 dB to the noise level. Correspondingly, the combined noise of two sources
whose difference is 10 dB is only 0.4 dB more than the noise of the greater source
alone. These simple calculations point out the importance of the dominating noise
source in respect of the total noise level.
The ear, as a physical sensor, does not react to all frequencies in a similar way.
The ear is most sensitive within the frequency range of 2–5 kHz. Frequencies be-
low 16 Hz or over 16 kHz are not audible. A pure decibel value is often weighted
to consider the physiological effect of noise on the human ear. For example, A-
weighting reduces a physical decibel value by 30 dB at 50 Hz, 0 dB at 1 000 Hz and
increase the physical decibel value 1.0 dB at 4 000 Hz. A hearing defect may occur,
if the A-weighted noise exceeds 85 dB(A). The traffic noise in an average residen-
tial area is about 50 dB, and a soft whisper about 30 dB at a distance of 1 m. Con-
sidering the environmental noise, a typical target value is 45 dB at the boundary
,LP = 20log(
p
pre
)dB Pre = 20 ×10
−6Pa
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of the plant site. However, the requirement may also be presented so that the ex-
isting noise level remains practically unchanged, due to a new plant, which means
that the noise produced by a new plant should be about 10 dB below the existing
noise level.
The basic equation in determining the noise around of a single source is
(2)
In the equation, r is a distance (m) at which the noise pressure value is determined
from the source. Q is the directivity index whose value is, for example, 1 for a
spherically radiating source and 0.5 on the surface of the hemisphere. The room
constant R describes the noise absorption inside the enclosed volume. In free
space, R is infinity and zero, if the walls of the room are totally sound reflective.
The equation (2) is the simplest but, in many cases, a sufficient theoretical
model to be applied to noise studies. The term Lw describes the source and Lp the
receiver. In the equation, the other terms relate to the path that gives the attenua-
tion of noise as a function of distance and absorption by the boundaries closing
the volume whose noise is under consideration. The equation indicates that all the
noise sources must be analysed separately. The definition of the source is case-
specific. The whole power plant complex may be described as a single source in
environmental noise studies, but each machine, or even parts of a machine or pip-
ing, have to be taken as separate sources, when the noise in working areas is cal-
culated. The equation (2) also gives a basic relationship between the noise pres-
sure values and the noise power values, and the equation is applied in determin-
ing the noise power of machines.
4.7.2 Noise reduction methods
Basic alternatives
The basic alternatives to reduce noise are to modify the noise source, to change
the transmission path of noise or to make changes affecting the receiver. The first
step is to identify the principal sources and paths of noise. Simple experiments like
turning off machines are often effective in determining dominant reasons for noise
problems. If the personal earmuffs and enclosures are excluded, an effective meth-
od to decrease the level of noise is to increase the distance between the receiver
and the source. The equation (2) indicates that every multiple of ten in the distance
from the source decreases the noise by 20 dB. An optimised location of noisy
equipment and of the whole plant is perhaps the most cost-effective method to
avoid noise problems. This distance dependency is also used in the other so-called
passive methods, which are mainly applied in industry. The active noise control
is realised by producing a counter voice based on digital signal processing to over-
come the original noise.
The most straightforward method to affect noise is to modify the mechanism
of the source that produces noise. Another alternative is to change the volume of
source by enclosures with a large noise transmission loss. For an outside observer,
the noise source is now the volume surrounded by an enclosure. The acoustic
barriers are commonly used to modify the path by increasing the distance that the
sound waves have to travel from the source to the receiver. The use of noise ab-
sorptive material, particularly on the walls and the ceiling, is an effective method
to decrease reflection or reverberation inside the building. If the internal surfaces
Lp = Lw − 10log(
Q
4πr 2
+
4
R
) dB[ ]
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of the room are totally reflecting, i.e. the constant R in the equation (2) is zero, the
noise approaches infinity theoretically. That is why the environmental noise level
is, in some cases, controlled by adding absorptive material inside the building. An
equipment-specific method to influence noise is the use of mufflers; typically they
are used in channels or pipes.
Structure-borne noise
The rotating machines such as turbines, generators, pumps, compressors end elec-
tric motors are the main sources of vibration and noise at power plants. The noise
is often caused by machine vibration, which creates structure-borne noise. An ef-
fective method to limit the spreading of structure-borne noise is the use of ma-
chine foundations supported by vibration isolators. The principle of isolators is
that the natural frequency of the system resting on the isolators is much lower than
the principal running frequency of the machine. The isolated system balances the
excitation force by inertia effect. The greater the static mass on isolators, the smaller
are the vibrations of the system, but, anyway, the isolators decrease considerably
the vibrations going through them to the surrounding structures. If the machine
is on an isolated foundation, the connections from the machine have to be flexi-
ble. This prevents effectively the spreading of structure-borne noise to the chan-
nels and piping. The isolators supporting the foundations of large machines are
usually helical steel springs. Rubber elements or bellows are also commonly used
for isolation purposes.
Duct and piping noise
These systems should be designed for smooth uniform fluid flow. Sudden chang-
es in geometry increase noise that strongly depends on the flow velocity. In some
cases, the noise is even in proportion to the power 7 or 8 of the fluid velocity, and
the most effective method to turn down the noise is to decrease the local fluid
velocity. One practical method is to provide piping with flexible internally damped
supports. The use of a large bending radius is also beneficial. The piping noise is
of two characteristic types: the noise with a broad frequency band and the noise
concentrated on discrete frequencies. Pumps, fans and blowers produce noise at
their running frequencies and their blade frequencies. The later ones depend on
the number of blades around the impeller. These discrete frequencies can be af-
fected by improving the machine, for example, by minimising the rotor mass im-
balance. In valves, the broadband noise usually relates to the pressure drop, and,
by the arrangement of the pressure drop to occur through several stages, decreases
the noise. The use of mufflers or silencers, the increased thickness of wall and the
lining of piping with an absorptive or isolating material are common solutions to
the noise problems at existing power plants.
Mufflers
Mufflers are basically of two types. The absorptive mufflers are suitable to reduce
noise covering a wide frequency band. Typical examples are a lined duct, a silenc-
er consisting of parallel lined plates or a lined pressure chamber. The reactive
mufflers mainly base on the geometry of the muffler. These mufflers are effective
only at frequencies designed or on a limited narrow frequency band. Simple ex-
pansion chambers or cavity resonators are typical examples of reactive mufflers.
The air in the cavity forms a spring that affects the airflow directed through a neck
to the cavity. The airflow acts as a mass producing a low frequency tuning effect
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at on very limited frequency band. The commercial mufflers are often combina-
tions of the absorptive and the reactive types.
Machinery noise
In machines, minor deviations from the theoretical optimum generate noise. Ex-
amples are the misalignment, mass imbalance or rotor eccentricity, which are al-
ways present to some extent. Thus, the increase in noise may also be the first symp-
tom of a mechanical defect. In these cases, the solution to the noise problem im-
proves the efficiency of the machine. In electric motors or generators, an eccentric
or asymmetric air cap around the rotor causes deviations in magnetic forces and
produces noise. The air intake or exhaust noise can be controlled or silenced by
mufflers. However, in many cases the noise is spreading through the casing and
is difficult to affect by changes in the machine or its connections. Then, the solu-
tion is either the lining of the machine by an absorptive or isolating material or the
use of separate enclosures.
Conclusions
At large combustion plants, the major sources of noise are various rotating ma-
chines, transformers and valves. The noise problem in LCPs is manageable tech-
nically, but, from a pragmatic point of view, the acceptable level of funds used for
noise protection sets limits to the technical possibilities. Since the increased dis-
tance from the source lowers noise, planning of the land use both on the commu-
nity level and within a specific industrial site is perhaps the best preventive action
to avoid noise problems. Inside the building, the same principle applies, i.e. the
layout design should separate the working areas from noisy equipment.
By the encouragement of the authorities, reducing of noise generated by
equipment is a general target among machine manufacturers today. Relating to a
specific power plant, the noise control technology is mainly based on
• acoustic enclosures both around the machines and personnel,
• selecting structures according to their noise isolation effect to envelope the
building
• use of mufflers in intake and exhaust channels
• use of sound absorptive lining in piping, walls and ceilings
• use of vibrations isolators and flexible connections
• carefully detailed design, e.g. to prevent leakage of noise through openings
or to minimise pressure variations in piping
• providing hearing protectors for personnel.
Over the past years, interest in noise has increased and entailed a stringent trend
in noise regulations. Nowadays, the allowable noise level is a factor that should
guide in all the main decisions in a power plant project.
4.8 Accident risk management
At large combustion plants, there exists the potential for various types of accidents
that set life, property and, in some cases, the natural environment at risk. The
potentially most severe consequences can result from the following:
• fire, in particular lubricant oil or fuel fire
• gas leaks, with an attendant risk of gas explosion and fire
• pressure vessel explosion
• furnace or coal mill explosion
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• oil leaks from oil tanks and handling systems
• ammonia leaks, if ammonia is transported to the store in liquid form
• strong acid or alkali leaks in transport or storage
• other leaks of chemicals (occasionally) used in plant maintenance
• turbine overspeed resulting in turbine or generator disintegration, with high
speed missiles hurled into the surroundings.
These risks, with the exception of turbine or generator disintegration, furnace or
coal mill explosion and hydrogen (generator coolant) fire are common industrial
risks. They are regulated in detail by law to ensure that always the best available
techniques are used to minimise the probability and consequences of an accident.
There is no reason here to go into further details of the applicable laws and regu-
lations, which are in no way specific to large combustion plants.
As regards the LCP specific risks with little or no regulation by law, the coun-
termeasures taken belong to the broad category of safe operating procedures
backed with automatic control. This keeps the steady state operation safe and forc-
es the operator to adhere to the pre-determined procedures in plant start-up and
shutdown.
It needs to be pointed out that the fire and explosion hazard is particularly
acute with respect of peat and biomass, which are very reactive fuels when occur-
ring as dry fine powder. To prevent fires in storage and transportation of these
fuels, special care must be taken to prevent the formation of any pockets of dry
powder. Electrical installation in areas where such risk nevertheless exists must
satisfy the protection requirements of an explosive area, be equipped with ade-
quate sprinkler systems, and be cleaned regularly to prevent any accumulation of
fuel powder.
4.9 Integrated approach to pollution prevention and
control
In the preceding presentation, each emittent species and methods of reducing or
preventing their emissions are discussed separately. References to cross-species
interactions within the large combustion plants are included where appropriate.
In the following, these interactions are summarised and their implications on the
integrated approach to pollution prevention and control are discussed.
In the sense intended by the IPPC directive, the integrated approach to pol-
lution prevention means that
(i) in issuing permits the actions of all the participating competent authorities
are fully co-ordinated (Art. 7) and that
(ii) all pollutant emissions (indicative list in Annex III) and the best available
abatement techniques are considered on a comparable basis and (Annex IV:
Consideration is given to determining the best available techniques. See “Ac-
ronyms and Definitions” of this report).
In the following, the part on integrated approach (ii) is discussed from three points
of view:
• mutual influence of the emission reduction techniques of different pollutants
through the characteristics inherent in the LCP process in question
• dependence on the performance of a given pollutant emission abatement
technique as a function of the spent money, energy, consumables, and the
generated streams and quality of waste substances
○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○82 The Finnish Environment 458
• the need to find an appropriate balance between the money and energy
spent on the reduction of different pollutant emissions.
As the first example of mutual influence in LCP polluting, we may take the inter-
dependence between the emissions of NOX from a low-NOX burner, the unburned
carbon, CO and hydrocarbons. When one attempts to minimise the NOX forma-
tion, at some point, the unburned fraction of the fuel starts to increase rapidly. This
not only reduces the combustion efficiency, but also creates new pollutants, CO
and unburned hydrocarbons, which cannot be removed from the flue gas at a rea-
sonable cost. Furthermore, beyond a limit of 5% of unburned carbon in the fly ash,
the fly ash is no more recyclable into cement or for the construction industry, cre-
ating the need of fly ash deposition in landfills.
Another example is the dependence of NOX and N2O formation on the fluid-
ised bed combustion temperature. On can minimise the NOX formation by de-
creasing the FBC bed temperature, but, at some point, the formation of N2O starts
growing. One has to find a compromise between the combustion temperatures
and judge which one is the best overall. In addition to the oxides of nitrogen, also
sulphur capture in an FBC bed by limestone addition is influenced by the bed tem-
perature.
Yet another example is the catalytic reduction of NOX. While it provides an
effective means to reducing NOX emissions, it introduces a tiny ammonia emission
(ammonia slip). Moreover, the transportation, handling and storage of ammonia
in themselves create an environmental hazard. The risk is less severe at smaller
plants where an aqueous solution of ammonia is customarily used, but, at big
plants where liquid ammonia is used the consequences of an accident may be se-
vere.
When considering the performance of a pollution abatement technique ver-
sus the cost in money, energy, consumables and created streams of waste substanc-
es, the general rule in many techniques is that better results can be achieved by
investing more money. We may take sulphur reduction in fluidised bed combus-
tion as the first example. Sulphur capture by limestone addition into the FBC bed
improves as more excess limestone is used. Therefore a high sulphur reduction
simultaneously creates an increased use of limestone. This in turn means higher
amounts of ash to deposit somewhere. Both the use of limestone and the increased
amount of ash are environmentally undesirable side effects of improved sulphur
capture in an FBC. Another result from a high Ca content in the ash may be that it
renders the ash completely unsuitable for any useful purposes. The situation with
respect to Ca consumption is qualitatively similar in the semi-dry flue gas desul-
phurisation.
In the wet scrubbing desulphurisation, excess calcium is not needed nor can
it be used, if commercial quality gypsum is the desired end-product. However, to
achieve a higher reduction efficiency, a larger scrubbing reactor is required, and
more electric energy is spent in the scrubbing suspension circulation pumps, in-
duced draft fans associated with the scrubber and in associated heat exchangers.
When high sulphur reduction is desired, the increase in Ca consumption and gyp-
sum production is small, but the electric energy consumed increased.
The particle removal efficiency of both the electrostatic precipitator and the
baghouse can be increased almost indefinitely by increasing the size, and hence
also the cost of the equipment. The conditions with respect to the selective cata-
lytic reduction of NOX are analogous: by adding more catalyte elements better
reduction and lower ammonia slip can be achieved.
The general characteristics of diminishing returns on investment in environ-
mental protection begs the question of where to put the limit, in other words, how
to assess the external costs and benefits of a large combustion plant, e.g. the envi-
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ronmental cost of one kilogram of SO2, dust or NO2 emitted to the environment,
or the societal benefits of electricity. Of course, there is no indisputable basis for
setting such a price, but the decisions of setting the environmental requirements
have to be made nevertheless. More importantly – like it or not – money spent on
environmental protection at a combustion plant is limited, which ultimately forc-
es one also to compare different species of pollutants with one another. The rela-
tive assessment of the environmental impact of different emissions, although dif-
ficult, should be easier than the setting of absolute monetary value on emissions
and all other external costs and benefits.
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Best available techniques at large
combustion plants
In understanding this chapter and its contents, the attention of the reader is drawn
back to the preface of this document. The aim of this chapter is to present the best
available techniques (BAT) and associated emission levels for different LCP proc-
esses from the point of view of experience and knowledge of Finnish experts rep-
resenting authorities, energy industry and equipment manufacturers. The infor-
mation given is based on the experience and knowledge of the authors of the re-
port supplemented by information from the literature and operating experience
gained by Finnish LCP operators and equipment manufacturers. Some technolo-
gies or processes used in some other EU countries are neglected due to lack of
experience.
The techniques and associated emission levels, or ranges of levels, presented
in this chapter have been assessed through an iterative process involving the fol-
lowing steps:
• identification of the key environmental issues for the sector;
• examination of the techniques most relevant to address those key issues;
• identification of the best environmental performance levels, on the basis of
the available data in the European Union and world-wide having the empha-
sis on the Finnish experiences;
• examination of the conditions under which these performance levels were
achieved; such as costs, cross-media effects, main driving forces involved in
implementation of this techniques;
• selection of the best available techniques (BAT) and the associated emission
levels for this sector in a general sense all according to Annex IV of the IPPC
Directive.
On the basis of this assessment, techniques are presented in this chapter that are
considered to be appropriate to the sector as a whole and in many cases reflect
current performance of some installations within the sector. Where emission lev-
els “associated with best available techniques“ are presented, this is to be under-
stood as meaning that those levels are appropriate in this sector and represent the
environmental performance that could be anticipated as a result of the application
of the techniques described, bearing in mind the balance of costs and advantages
inherent within the definition of BAT. However, they are not emission limit val-
ues and should not be understood as such. In some cases it may be technically
possible to achieve better emission or consumption levels but they are not consid-
ered to be justified, unless there are special local driving forces, because of eco-
nomic and/or cross-media considerations.
The concept of “levels associated with BAT“ described above is to be distin-
guished from the term “achievable level“ used elsewhere in this document. Where
a level is described as “achievable“ using a particular technique or combination of
techniques, this should be understood to mean that the level may be expected to
be achieved over a substantial period of time in a well designed, well maintained
and well operated installation or process using those techniques.
Where available, data concerning costs have been given together with the
description of the techniques presented in the previous chapter. These give a
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rough indication about the magnitude of costs involved. However, the actual cost
of applying a technique will depend strongly on the specific situation regarding,
for example, taxes, fees, and the technical characteristics of the installation con-
cerned. It is not possible to evaluate such site-specific issues fully in this document.
In the absence of data concerning costs, conclusions on economic viability of tech-
niques are drawn from observations on existing installations.
It is intended that the general BAT in this chapter could be used to judge the
current performance of an existing installation or to judge a proposal for a new
installation and thereby assist in the determination of appropriate BAT – based on
conditions for that installation. It is foreseen that new installations could be de-
signed to perform at or even better than the general BAT levels presented here. It
is also considered that many existing installations could reasonably be expected,
over time, to move towards the general BAT levels or do better. On the other hand,
the general BAT levels may be impossible to be reched in some existing LCPs due
to economical and technical reasons, such as unreasonably high costs for a plant
with short expected lifetime and lack of space for techical improvements.
While the BREFs do not have a legal status, they are meant to give orienta-
tion/information to the industry and competent authorities on achievable emis-
sion levels when using specified techniques. The appropriate emission limit val-
ues for any specific case will need to be determined taking into account the objec-
tives of the IPPC Directive and the local considerations.
5.1 Energy efficiency
Energy efficiency affects on various factors of environmental performance such as
• utilisation of natural resources
• amount and quality of emissions in atmosphere, specifically to CO2 emissions
• amount and quality of by-products or solid wastes.
Energy efficiency is thus a key issue describing the environmental performance
of a large combustion plant. On the other hand, energy efficiency is also a key is-
sue for the economical performance of a large combustion plant. High energy ef-
ficiency is a priority objective of the operator and the owner of a large combustion
plant. In processes producing energy as the product, specially in competitive
market, there should be no major contradiction between the best available tech-
nique (when it comes to efficiency) and the best economic performance.
In this Chapter data is given on the energy efficiencies of different power
plant processes with BAT level given for each type of plants. Condensing power
plants and cogeneration plants (CHP) are considered separately. It is acknowl-
edged that structural decisions such as separate electricity and heat production
versus cogeneration are essential to the energy efficiency. The structural choices,
however, are considered to be outside of the scope of the BAT reference document.
The BAT levels of different process types should thus not be compared. Each proc-
ess should be bench-marked in its own process category.
Energy efficiency has been considered simply as heat rate (fuel input ener-
gy/energy output at power plant border) and as power plant efficiency which is
here the inverse of heat rate, i.e. percentage of produced energy / fuel input ener-
gy. The fuel energy is measured as the lower heating value.
The issues related to power plant efficiency are discussed in more detail in
Chapter 2.1. The outlook on the emerging power plant technologies is presented
in Chapter 6.
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5.1.1 Energy efficiency of condensing power plants
In the majority of the condensing power capacity in operation today, the fuel in-
put to power output ratio, the heat rate, is around 2.5 (power plant efficiency 40
%). In other words, for each unit of power output, 1.5 units of heat are rejected
into the atmosphere and the cooling system. Using the most advanced high tem-
perature materials, coal-fired condensing power plants with a heat rate of 2.08 (48
%) have been built using direct water cooling. Most of the new coal or lignite-fired
condensing power plants built in the 1990s have had a heat rate of around 2.3 (43–
44 %), because the extremely efficient condensing power plants tend to be so ex-
pensive to build that they are economically not competitive.
At modern gas-fired CCGT plants, the heat rate is lower, currently around 1.8
(55–56 %) and decreasing (efficiency is increasing) with gas turbine development.
A heat rate of 1.7 (58 %) is achievable for plants ordered today.
The CCGT technology has developed in terms of power generation efficien-
cy quite rapidly during the past two decades, and this development is continuing.
In comparison, the conventional steam power plant technology has been in a rel-
atively steady state for decades, but now there, too, seems to be some movement.
The BAT heat rate level for new coal or lignite fired condensing power plants
with direct water cooling (for size classes bigger than 300 MW) is considered to be
2.2–2.3 (43–45 %) and for new gas-fired CCGT plants 1.8 (55–57 %).
The biomass or peat fired fluidised bed combustion plants are usually small-
er in size than the coal-fired plants and the steam pressure and temperature are
much lower than with the advanced coal fired power plants. The BAT heat rate
levels for biomass and peat fired FBC power plants are around 3.3–3.6 (28–30 %).
But there are practically only very few plants with these fuels for power genera-
tion only, almost all being cogeneration plants represented in Chapter 5.1.2.
It should be kept in mind that these BAT levels are not reached in all operat-
ing conditions. The energy efficiency is at its best at the design point of the plant.
The actual energy efficiencies throughout the operational period of the plants may
be lower due to changes in the load during the operation, quality of the fuel etc.
The energy efficiency is also dependent on the cooling system of the power plant,
on the atmospheric conditions (for CCGT) and on the energy consumption of flue
gas cleaning system.
As an example the flue gas cleaning system of a modern coal-fired power
plant requires electricity typically between 1–3 % of the production of the power
plant decreasing the overall efficiency by about 0.5–1.5 %-units. The degree of flue
gas cleaning and the selection between different flue gas cleaning technologies
affects the overall efficiency.
Selection of cooling system affects the efficiency relatively strongly. The once-
through cooling is the only cooling technology applied at Finnish condensing
power plants. In Finnish conditions, it invariably proves to be the best available
cooling technique. This is based on better efficiency of power generation and low-
er investment and operating costs compared to the other cooling techniques. The
relative gain in power generation efficiency of conventional condensing plants can
be up to 8 %, depending on the ambient conditions.
More information on the processes is given in Chapter 2.
5.1.2 Energy efficiency in cogeneration of heat and power (CHP)
Cogeneration is one of the technically and economically most efficient means to
increase the energy efficiency of an energy supply system. As a result, less fuel is
needed to provide a given energy service with less emissions.
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Cogeneration of heat and power should be considered as a technology op-
tion whenever economically feasible, i.e. whenever the local heat demand is big
enough to warrant the construction of the more expensive cogeneration plant
instead of the simpler heat only plant. The heat load may be different kinds of
needs for heating of buildings or other objects or steam in industrial processes.
The heat rate of electricity produced in pure cogeneration typically ranges
form 1.1 to 1.2 (80–90 %) at nominal load. Comparing this heat rate to that of coal
condensing or gas based CCGT with heat rates of 2.3 (43–45 %) and 1.8 (55–57 %)
respectively, the fuel savings become apparent. Here we have assigned the fuel
consumption pro rata to the power and heat outputs. But it should be kept in mind
that in cogeneration we have the problem of assigning the consumed fuel to two
separate products, power and heat, and the most appropriate way to do this is
debatable.
Another important figure describing a cogeneration power plant is its pow-
er/heat output ratio. Obviously, because power is economically more valuable than
heat, we would prefer to have as high a power/heat ratio as possible. Therefore
the cogeneration benefits of the CCGT process are even more obvious than those
of steam only processes: at conventional steam processes the typical power / heat
ratios are 0.3 and 0.6, and at CCGT plants 0.9 and 1.1, for industrial and district
heating cogeneration respectively.
Although cogeneration in energy conservation terms is an effective means to
decrease primary fuel consumption, much of the technical potential is uneconom-
ic due to the small heat demand on which a cogeneration power plant could be
built. The economies of scale of cogeneration power plants are a very important
factor. There exists no good rule of thumb to define the smallest commercially vi-
able industrial or district heating cogeneration plant size. However, plants in the
LCP category with fuel inputs in excess of 50 MW with an annual utilisation fac-
tor of 0.5 or more, are quite often commercially feasible.
The BAT energy efficiency level for cogeneration plants is difficult to deter-
mine on general basis. The efficiency is highly site specific important issues being
the heat load and the changes in the heat load, price level and need of electricity
in the market, applied technology etc. According to the experience of Finnish LCP
operators the annual heat rate averages of around 1.1 (total plant energy efficien-
cy around 88–91 %) are achievable in several cases (such as the case cogeneration
plants described in Chapter 3). No general BAT level can be given, though.
Because cogeneration power plants reach economic feasibility with much
lower plant sizes than condensing power plants, they are also particularly suita-
ble for biomass combustion. With a smaller plant size, the biomass fuel can be col-
lected over a smaller area, which helps to keep down the costs of fuel transport,
usually a major cost item in biomass. In the FBC applications it is also possible to
utilise waste-derived, recycled or low-grade fuels co-fired with the main fuel be-
ing wood biomass, peat or coal. Utilisation of these fuels with co-combustion
brings a number of benefits related to economic and environmental performance.
The decision on the environmental performance should be done case specifically
considering various different aspects such as waste handling and disposal effects
compared to the utilisation as energy, effects of co-combustion on the boiler per-
formance and on the amount of emissions, and the total energy efficiency and
economy of the co-combustion.
In Finland there are a lot of good experiences in co-combustion of different
fuels especially in cogeneration applications. Regardless of the combustion tech-
nique applied, the quality of the co-combusted fuel must be well known to avoid
any problems in the boiler or the environment.
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5.1.3 Improvement of power generation efficiency
The consumption of fuels can be decreased not only by the structural choices, but
also by improving the energy efficiency of the individual energy generating units.
According to experiences in Finnish LCPs the possibilities to improve the overall
efficiency in energy production are relatively small due to the fact the owner and
the operator of the plant have already optimised the process economy. Significant
results, however, have been achieved by repowering old boilers, especially in tran-
sition phase countries.
The main routes to improved power generation efficiency at the power plants
of today are:
• At conventional condensing plants
• Decreasing the condenser vacuum, i.e. using as cold cooling medium as avail-
able under the ambient conditions
• Increasing steam pressure and temperature
• Improving the efficiency of the turbines, pumps, fans, electric motors and
other pieces of energy conversion equipment.
At CCGT and other gas turbine plants
• Increasing the gas temperature entering the turbine
• Introducing sequential firing into gas turbines
• Improving the efficiency of gas turbine combustion chamber and vane and
blade cooling efficiency
• Improving the (aerodynamic) efficiency of the gas turbine compressor and
turbine.
All these methods are applied as a matter of course in power plant engineering.
There is usually a clear tendency of diminishing returns on investment, as the lim-
its of technical possibilities are approached. Therefore it is not possible to define
any rules as to the best available techniques for power plant repowering or retro-
fit, as regards the power generation efficiency. The balance between the invest-
ment and operating costs, i.e. efficiency is an economic decision depending on the
costs of economic inputs and on the intended operating regime of the plant.
5.2 Reduction of sulphur dioxide emissions
The amount of sulphur dioxide emissions is mainly dependent on the fuel of the
LCP. The emissions can be reduced by various techniques, some of which are “end-
of-pipe“ technologies and can be technically applied practically in all combustion
processes and some of which are specific to certain power plant processes.
In this Chapter the BAT levels of SO2 emissions are given. A division in the
presentation has been made according to the boiler technology: large pulverised
fuel and oil boilers are presented separately from fluidised bed boilers due to dif-
ferent technology options for desulphurisation. A summary is given at the end of
this Chapter.
A number of commercial desulphurisation processes have been developed
for large combustion plants. Considering the best available technology in each case
the following issues should be considered:
• degree of desulphurisation
• possible cross-media effects (reduction or increase of other harmful emis-
sions)
• utilisation of the process by-product
• availability of the chemical reagent required for the desulphurisation
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• power consumption of the process
• the total economy including both investment and operational costs.
5.2.1 Large pulverised coal combustion (and oil-fired) plants
The techniques most frequently used for desulphurisation at large pulverised coal
combustion plants are
• the wet scrubber desulphurisation, and
• the semi-dry desulphurisation (spray dry scrubbing).
Between them, they share more than 90 % of the flue gas desulphurisation mar-
ket.
While applying these technologies desulphurisation degree of 85–95 % are
achievable. The degree of desulphurisation is strongly dependent on the design
of the plant and on the sulphur content of the fuel, i.e. the sulphur dioxide con-
centration prior to the desulphurisation plant. The higher the degree of desul-
phurisation, the higher investment and operation costs will be, and the higher the
sulphur content in the fuel, the higher desulphurisation degree can be reached
with similar design.
In smaller boilers with moderate sulphur content in the fuel, also dry injec-
tion methods may be effective enough and economically competitive to be con-
sidered as BAT. Also other techniques of desulphurisation described in Chapter 4.1
may qualify as BAT in isolated cases, if the conditions warrant it.
The associated SO2 emission levels for the largest coal or oil fired boilers (>
300 MWth) while applying BAT techniques is considered to be appr. 100–200 mg/
m3n (O2 = 6 %). The range is very large basically due to the different sulphur con-
tents of the fuels.
Table 15 gives the degree of desulphurisation if SO2 emission levels of 100 and
200 mg/m3n (O2 = 6 %) are reached with different coal sulphur contents. The re-
moval efficiencies are calculated figures. The aim of the table is to indicate the
dependence of the BAT emission level on the sulphur content of the fuel. With
higher sulphur contents low emissions become economically and technically un-
reachable. The BAT emission level should be considered both fuel and site specif-
ically.
Table 15. Calculated degree of desulphurisation in coal fired power plant with different sulphur contents of coal and desired
emission levels. The figures are calculated with no other relevance than to indicate the dependence of the emission level on
the sulphur content of coal.
Sulphur content of coal Calculated degree of desulphurisation (%)1 with desired SO2 emission level of
S (%, dry) 100 mg/m3n (O2 = 6 %) 200 mg/m3n (O2 = 6 %)
0.5 91.3 % 82.6 %
1.0 95.7 % 91.3 %
1.5 97.1 % 94.3 %
2 97.9 % 95.7 %
3 98.6 % 97.1 %
1) These values are not exact for all coals, the emission depends slightly also on some other properties of coal apart from the
sulphur content.
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Comparison of the BAT desulphurisation technologies
The wet scrubber desulphurisation and semi-dry desulphurisation processes as
well as dry injection methods are described in Chapter 4.1. These techniques vary
from each other with several issues to be considered. A short summary and com-
parison of these technologies is given below.
Wet scrubbing
Of the flue gas desulphurisation methods, by far the most popular is the wet
scrubbing of the cooled flue gas with slurry containing calcium or magnesium
compounds (e.g. limestone, slaked lime, dolomite). Usually, the end product of this
method is gypsum of commercial quality, which can be used as a raw material e.g.
in wallboard manufacture instead of natural gypsum. However, also wet scrub-
bing processes producing end products with calcium sulphite in addition to gyp-
sum are extensively used, particularly in the US, where the end product is sepa-
rated and stored in settling ponds next to the power plants.
The wet scrubbing equipment takes considerable space and is expensive to
build. It also consumes electric power more than the competing processes and
requires a waste water treatment plant. All things considered, it adds 15–20 % to
the cost of power generation from coal. Both the wet scrubbing and the semi-dry
technologies are mature, and the popularity of the wet scrubbing is based on its
good sulphur reduction and more valuable end product.
The wet scrubbing desulphurisation makes it possible to reduce up to 95 %
of SO2 in the flue gas with a Ca/S ratio close to 1, which is necessary to produce
gypsum of commercial quality. The higher the required reduction efficiency is, the
bigger the scrubber needs to be and the more energy is expended in the scrubbing
liquid circulation pumps. In new installations, the cost of SO2 removal is on the
order of 750–1 150 euro / removed tonne SO2, but in retrofits, the cost can be con-
siderably higher.
Semi-dry spray towers
In the semi-dry method, slurry containing calcium or magnesium compounds is
sprayed in a spray tower into the flue gas after the boiler. The sprayed quantity of
the slurry is small enough for the water to evaporate completely and to produce
dry powder, which is collected from the flue gas with a baghouse or an electro-
static precipitator. Sulphur dioxide reacts with the calcium in the spray tower and
in the filter dust cake. The end product is a mixture of gypsum and calcium sul-
phite.
The semi-dry spray tower needs more calcium than the wet scrubber to
achieve high sulphur reduction efficiency, and, even then, it cannot quite compete
in removal efficiency. The achieved removal efficiency of a spray tower can be up
to 90 % with a Ca/S ratio of 1.3.
There are several advantages of the semi-dry method in comparison to the
wet scrubber. The investment cost is lower. Unlike wet scrubber there is no need
for complex downstream processes for the production of the end product, it does
not require a waste water treatment plant and the process does not cause emis-
sions to water. The size of the plant is also smaller which is sometimes very bene-
ficial especially in urban retrofit cases.
An indicative cost of removal of SO2 is around 600–800 euro/removed SO2
tonne according to the experience gained in Finland. The semi-dry spray tower
technology is especially competitive to wet scrubbing when using low sulphur
coal.
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The end product of the process is not as valuable as gypsum in wet scrubber
process but it can be utilised in different construction purposes described in Chap-
ter 5.6.2.
Dry injection methods
At power plants using e.g. biomass or peat, the sulphur content of the fuel is often
moderate. In these typically smaller boilers the above mentioned techniques are
too expensive to be considered as BAT and the dry injection processes can be ef-
fective enough to reach the same emission levels. Calcium hydroxide injection in
dry form before the baghouse can achieve a reduction rate high enough. In the
furnace, limestone injection together with calcium oxide activation scrubber, is also
quite effective in some cases. These measures also remove other harmful emis-
sions, such as HCl. Today, in the new smaller LCP boilers with biomass fuel, fluid-
ised bed combustion is usually applied. In those cases, the in bed sulphur remov-
al is the preferred technique (see Chapter 5.2.2).
Comparison of end-of-pipe FGD techniques
The table of comparison of the flue gas desulphurisation techniques is reproduced
below from Chapter 4.2. It is apparent from it that the wet scrubbing and semi-
dry methods give the best results. The other techniques can find application only
in connection with low sulphur fuels, or when higher SO2 emissions for any rea-
son are deemed acceptable.
Table 16. Comparison of flue gas desulpurisation methods. All values in the table should be read as general with case specif-
ic variation.
Technique SO2 Investment / Utilisation of Energy Comments
reduction rate operation costs end-product consumption
Wet Scrubber 90–95 % high/ good high Expensive for small plants,
(up to 98 % moderate large world-wide experience
with some requires waste water
high sulphur treatment, removes a share
cases) of other gaseous pollutants
(e.g. HCl, heavy metals) and
particulate matter
Semi-dry 80–90 % moderate/ good/ moderate Expensive sorbent,
high moderate no waste water plant, small
in size, removes a share of
other gaseous pollutants
(e.g. HCl, heavy metals) and
particulate matter
Sorbent injection 50–70 % low/ poor low Water injection and fabric
moderate filter improves reduction
rate, expensive sorbent,
only for low sulphur fuels
Sorbent in furnace app. 75 % moderate/ poor moderate Sensitive for the temperature,
and activation moderate inexpensive sorbent, only
for low sulphur fuels
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5.2.2 Fluidised bed combustion (FBC)
The end-of-pipe technologies described in Chapter 5.2.1 are, in principle, applica-
ble to fluidised bed combustion processes as well as for other types of processes.
But especially for smaller boiler sizes and for low sulphur fuels those techniques
are too expensive to be considered as BAT. On the other hand, due to the different
burning technique and combustion temperature range there are other options for
desulphurisation in FBC.
With low sulphur fuels, peat and biomass in particular, the best available tech-
nique for abatement in fluidised bed combustion is the in situ desulphurisation by
adding limestone or dolomite into the boiler. This method avoids altogether the
costly separate equipment for flue gas desulphurisation. As a result, the FBC plant
is much simpler than a boiler plant with pulverised coal burners.
The combustion temperature in FBC is favourable for sulphur to react with
the calcium or magnesium compounds added into the bed. The reaction products,
gypsum and unreacted limestone are removed, partly, from the bed together with
bed ash, and, partly, from the electrostatic precipitator or baghouse together with
the fly ash. The possible use of this mixture is in road construction or in landfills.
Higher Ca/S ratios are needed in FBC than in the wet scrubbing or spray tow-
ers for a high reduction of sulphur. However, even with very high Ca/S ratios, the
FBC combustion does not make possible such high reduction rates that are achiev-
able in wet scrubbing.
Higher degrees of desulphurisation are achieved in circulating fluidised bed
(CFB) boilers than in bubbling fluidised bed (BFB) boilers. For coal, removal effi-
ciencies as high as 80–95 % have been reported in CFB with moderate Ca/S ratio
(between 2–4). When the fuel sulphur contents increase, Ca/S decreases slightly
for a certain sulphur removal (e.g. 90 % removal). However the actual mass flow
rate of limestone needed increases as well as the amount of waste generated.
Hence, the current trend for CFBs firing extremely high sulphur (4–6 % S) fuels is
to combine in-situ sulphur capture by limestone in furnace and cold-end sulphur
capture. When all the aspects are taken into account, sulphur capture in CFB only
by limestone injection in bed can be considered as BAT for low or moderate sul-
phur (<1–3 % S) coals. The associated emission level is between 150–200 mg/m3n
(O2 = 6 %). In BFB the corresponding removal efficiency is between 55–65 % with
similar quality of coal and with similar quality and consumption of limestone. Due
to the low desulphurisation in BFB injection of limestone or dolomite cannot be
considered as BAT. In BFB boilers burning only coal, end-of-pipe techniques de-
scribed in Chapter 5.2.1 should be applied with associated emission levels of those
techniques.
The degree of desulphurisation in peat fired FBC boilers is significantly low-
er than in coal fired FBC boilers. According to the knowledge gained with peat in
Finnish FBC boilers (see Chapter 4.1.4) the desulphurisation degree with moder-
ate Ca/S ratio (3–5) for both peat fired CFB and BFB is around 30–40 %. The desul-
phurisation does not increase over about 45 % in BFB boiler despite even very high
Ca/S ratios. In CFB the highest achievable desulphurisation degree was around 80
% but that cannot be considered as BAT due to very high use of limestone result-
ing problems with end product and high costs.
For both peat fired CFB and BFB boilers limestone injection in the bed can be
considered as BAT. The associated SO2 emission levels are 250–300 mg/m3n (O2 =
6 %) for CFB and 280–300 mg/m3n (O2 = 6 %) for BFB combustion.
The sulphur content of wood based biomass is low. Wood based biomass can
be combusted in FBC without desulphurisation. The SO2 emission level depends
thus only on the sulphur content in the fuel being typically below 50 mg/m3n (O2
= 6 %).
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In many FBC boilers peat and different types of wood biomasses (sawdust,
wood chips, bark etc.) are co-combusted. Due to low S content of wood biomass-
es lower SO2 emissions result. It has also turned out that, when co-firing wood and
peat, some of the sulphur in peat reacts with the wood ash, which thus acts as a
desulphurisation agent in the FBC reducing SO2 emissions by another 10–20 %.
Co-combustion offers the power plant another option to reach lower sulphur di-
oxide emissions apart from the calcium addition into the bed. When considering
BAT for peat firing boilers, possibility of using biomass fuels with co-combustion
should be considered as one possible BAT alternative for lower sulphur dioxide
emissions. Case specific evaluation is necessary to find optimal environmental and
economic performance of these cases.
5.2.3 Summary of the SO2 emission levels associated to BAT
technologies
The SO2 emission levels associated to the BAT desctribed in Chapter 5.2 are sum-
marised in Table 17.
Table 17. Summary of the BAT SO2 emission levels in different boiler types with different fuels. Oil-fired boilers, burning of
process gases etc. are outside of the scope of this report.
Boiler and fuel Indicative1 BAT SO2 emission level mg/m3n (O2 = 6 %)
Pulverised coal combustion
• plant size > 300 MWth 100–2003
• plant size 100–300 MWth not evaluated in this report4
• plant size 50–100 MWth not evaluated in this report4
CFB
• peat 250–3005
• wood biomass2 10–1006
• coal 150–2007
• co-combustion of different fuels 9
BFB
• peat 280–3007
• wood biomass2 10–1006
• coal 2008
• co-combustion of different fuels 9
1) Indicative means here that these values are typical for new LCPs applying BAT technology. The BAT level is highly fuel, plant
and site specific question
2) Wood biomass includes wood chips, bark, sawdust etc. chemically untreated wood based fuels. Processes using other types
of biomasses are outside the scope of this report.
3) The BAT emission level is mainly dependent on the sulphur content of the fuel and on the design (affecting the investment
cost and on the operational costs) of the applied technology. For the largest boilers lower values are more likely to be reached.
4) New pulverised coal fired boilers below 300 MWth are unlikely and have been considered to be out of the scope of this report
due to lack of experience
5) The emission level is highly dependent on the sulphur content of the peat, can be reached with limestone addition in the bed
6) Resulting from the sulphur content of the wood fuel, no desulphurisation required. Sulphur contents of other types of biomas-
ses may be higher
7) Can be reached with limestone injection in bed in cases of low sulphur content of the coal
8) Can not be reached with limestone injection in the bed. Secondary reduction technologies should be applied
9) Co-combustion cases should be considered case specifically taking into account the fuel mix and the availability of different
fuels
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5.3 Reduction of nitrogen oxide (NOX) emissions
The best available techniques to control the emissions of nitrogen oxides (NOX) can
be divided into two sets of methods:
• The primary methods aim at preventing the formation of NOX in the com-
bustion process
– Low-NOX burners for gas, oil and pulverised solid fuels
– Methods related to combustion air inlet arrangement or flue gas recircula-
tion
– Low-NOX combustion in fluidised beds
• The secondary methods are used to remove NOX from the flue gas.
– Selective non-catalytic reduction (SNCR) of NOX with ammonia or urea
– Selective catalytic reduction (SCR) of NOX with ammonia or urea
The nitrogen compounds of interest are nitric oxide NO, nitric dioxide NO2 – col-
lectively referred to as NOX – and nitrous oxide N2O. Of these, NO oxidises to NO2
in the atmosphere. Nitrous oxide is a very stable gas in the atmosphere, where it
can migrate to the stratosphere to form a link in the sunlight induced reactions
contributing to ozone depletion. Luckily, there are no N2O emissions from the
burner-based LCPs with high combustion temperatures. However, some N2O may
formate and cause emissons in the fluidised bed combustion with low combustion
temperatures.
5.3.1 Primary NOX control techniques in boiler furnaces
A high combustion temperature and a high oxygen concentration favour forma-
tion of NOX. On the other hand, lack of oxygen results low NOX but also incom-
plete combustion with CO and unburned hydrocarbons emissions and char as un-
desired results. From these facts arise a number of methods used as primary meas-
ures for NOX control. In steam generator furnaces, the modern low-NOX burners
and other primary methods can reduce the amount of NOX generation by as much
as 50% compared to the traditional burners.
Low-NOX combustion in boilers is achieved by a combination of methods:
(i) air staging in the burner, where the main flame operates in near or under sto-
ichiometric conditions and the final combustion in the over stoichiometric
conditions occurs in the outer part of the flame, where the temperature of the
gas is already reduced,
(ii) reburning, where the formed NOX is reduced back to N2 in a reducing atmos-
phere by introducing fuel (usually gas) into the hot combustion gas after the
flame,
(iii) over-fire air (OFA), in which the flame and the primary combustion air are in
near or under stoichiometric conditions, and the final combustion air is in-
troduced into the upper part of the furnace to ensure complete combustion
in a temperature far below the flame itself,
(iv) recirculation of flue gas to the burners to reduce the temperature and oxygen
concentration in the burner flame.
In the current practice air staging in the burners is always used in NOX control in
new boiler furnaces. The achieved level of NOx reduction depends on several fac-
tors and is fuel-, furnace- and burner-specific. As a range achieved by primary low
NOX measures in coal combustion in large pulvierised fired boilers is 200–280 mg
NO2 /m3n (O2 = 6%) for new plants. In new installations, the cost of low-NOX burn-
ers is irrelevant, insofar as they will be selected in any case.
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When retrofitting old boilers with low-NOX technology the emission level
remains usually higher than in new boilers. That is due to different reasons such
as old dimensioning of the boiler (usually smaller causing higher temperatures
and increased amount of thermal NOX), difficulties in positioning over fire air in
optimal places, imperfect operation of old coal mills etc. Normally the guaranteed
emission levels in retrofit cases of pulverised coal fired boilers are around 340–420
mg NO2 /m3n (O2 = 6%). In retrofits, the cost very much depends on the case, but
one indication of the situation is that many of the existing large utility boilers have
been retrofitted with low-NOX boilers. As a cost indication can be mentioned the
1.7 million euro retrofit of low-NOX burners with OFA to a boiler with a 250 MWth.
Low-NOX burning in boilers tends to cause incomplete combustion resulting
higher level of unburnt coal in the fly ash and some carbon monoxide emissions.
With good design and control of combustion these negative impacts can mostly
be avoided. The amount of unburnt coal in ash varies according to the coal and is
normally somewhat higher than without primary measures. For most of the utili-
sation options for the fly ash the acceptable unburnt coal concentration in ash is
below 5 % which can be considered as BAT level. That can be normally reached
but with some coals only with the cost of somewhat higher NOX emission.
If the combustion is properly controlled the carbon monoxide emissions will
be below 50 mg/m3n. Bigger concentrations may occur occasionally due to chang-
es in fuel quality, in load changes or other disturbances. With tangentially fired
boilers the carbon monoxide emissions are usually even lower (5–20 mg/m3n) due
to better mixing than in wall-fired boilers. A balance between low-NOX emissions
and incomplete burning should be found in each situation and the best achieva-
ble NOX-emission level changes according to the fuel in each boiler.
Primary NOX-reduction measures have also an impact on total energy effi-
ciency of the process. If the combustion remains incomplete, energy efficiency
remains lower. A normal rise in the amount of unburnt coal due to low-NOX com-
bustion has an negative impact of approximately 0.1–0.3 % units on efficiency.
5.3.2 Primary NOX control techniques in fluidised bed combustion
In fluidised beds, the primary means of controlling NOX formation resemble those
of burner combustion in the sense that there, too, the combustion starts in under-
stoichiometric conditions by pyrolysis in the bubbling bed or the bubbling bed
type lower part of the circulating bed. The rest of the combustion air is added lat-
er in stages to finally achieve the over-stoichiometric conditions and complete
combustion. In circulating fluidised beds, the heavy load of circulating bed mate-
rial in the furnace ensures an even temperature distribution, and the furnace tem-
perature is so low (typically < 900 °C) as to largely prevent the formation of ther-
mal NOX. In the bubbling bed freeboard above the bed itself, the combustion of
the pyrolysis gases can produce temperatures in excess of 1 200 °C with some at-
tendant formation of thermal NOX. The formation of prompt NOX is in nearly di-
rect proportion to the nitrogen content of the fuel, and therefore the NOX emis-
sions of the FBC are very fuel-specific. As a general rule one can say that the NOX
formation in a properly designed fluidised bed can be kept below NOX formation
achieved in low-NOX burners.
A decrease in the fluidised bed combustion temperature is an effective means
to achieving low NOX emissions, but the price is paid in increased unburned car-
bon and increased N2O. Desulphurisation in the fluidised bed also has its optimal
temperature range, which makes the fluidised bed combustion an balancing act
between the partially conflicting requirements of NOX, N2O and SO2 control, and
the control of unburned hydrocarbons, CO and char. Furthermore, the addition
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of e.g. limestone into the bed for SO2 removal also affects the NOX formation. Luck-
ily however, there usually exists, for each fuel, a temperature window – albeit rath-
er narrow one – where a good compromise can be achieved with respect to all
these goals.
There is a small difference in the NOX emissions of BFB and CFB combustion.
The lowest emission values with peat and biomass are reported with CFB combus-
tion but both tenchniques are developing towards lower emission values with no
major difference at present. With both techniques lower emissions are reached in
bigger boiler sizes. However, in LCP class (over 50 MWth) the difference between
the largest and smaller plants is not significant.
The associated emission levels while using primary NOX reduction methods
in FBC for peat and biomass combustion are for BFB 180–260 mg NO2 /m3n (O2 =
6 %) and for CFB 155–260 mg NO2 /m3n (O2 = 6 %). The relatively large range is
mainly due to variation of nitrogen content of the fuel (for peat between 0.7–2.5
%) and on the size of the boiler. Desulphurisation by limestone injection in the
boiler has been reported to increase the NOX emission by 10–25 mg NO2 /m3n (O2
= 6 %).
5.3.3 Primary NOX control techniques in gas turbine combustors
For gas turbines, the best available primary techniques for NOX control are:
• Low-NOX burners
• Water or steam injection.
In gas turbine combustors, the physics and chemistry of combustion remain the
same as in boilers, but the big difference is the amount of combustion air and the
extremely short time available for combustion. In boilers, the final excess air ratio
is from 1.05 to 1.3 (air/stoichiometric air). In modern gas turbines, the overall ex-
cess air ratio is around 3.5. Not all of the air from the gas turbine compressor is
available for combustion, as part of it is used to cool the combustor walls and the
transition piece and the gas turbine vanes and blades. Even so, the air actually
available for combustion typically results in an excess air factor of 2.5 or more.
The conventional method of gas combustion in gas turbine combustors was
to introduce the gas and combustion air essentially separately thereby creating a
diffusion flame, in principle similar to that of boiler burners. In such a flame, dif-
ferent excess air ratios from nearly 0 to over 1 occur across the flame front where
the gas and air meet and are mixed. Locally, very high temperatures result in lo-
cations where the air excess ratio reaches locally the stoichiometric value and com-
bustion is completed. After this, the temperature goes down with the introduction
of the dilution air, but high NOX concentrations result from the high local temper-
atures and oxygen-rich combustion. The same is true for light fuel oil flames.
With light fuel oil burners, the diffusion flame cannot be avoided, as oils burn
as small evaporating droplets. The only practical means of primary NOX control
in a diffusion flame is to influence the flame temperature and chemistry by spray-
ing water or steam into it. Both are effective means to controlling NOX, but both –
water spray in particular – also increase the heat rate (reduce the efficiency) of
power generation of the gas turbine and the CCGT cycles.
With gas fuel, dry low-NOX combustion is today available to decrease the
maximum combustion temperature: the lean premix burner. In it, air and gas are
premixed to create a uniform mixture of gas and combustion air with an excess air
factor of 2 or more. The gas turbine manufacturers have each their proprietary
low-NOX burner designs, and all are prepared to guarantee NOX levels of 50–70
mg NO2 /m3n (15 % O2) with today’s turbine inlet temperature (TIT) levels. How-
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ever, the high excess air is problematic with respect to combustion stability, and
most gas turbine low-NOX burners only cover the 70 % to 100 % load ranges with
acceptable NOX and CO levels. Below that, a diffusion flame is required for stabil-
ity and NOX emissions increase sharply.
In industrial CCGT applications, supplementary firing is frequently used. In
it, additional gas is burned in the gas turbine flue gas between the gas turbine
exhaust and the heat recovery steam generator. This combustion usually per-
formed in a lattice of small special gas burners in the flue gas duct. It adds up to
20 mg NO2 /m3n to the flue gas NOX content, if the flue gas temperature is in-
creased to max 750 °C, which is the approximate upper limit for uncooled HRSG
walls of standard steel plate.
The gas turbine low-NOX combustion technique is proprietary, and each
manufacturer has de facto monopoly on retrofitting its gas turbines. The price dif-
ference between manufacturers and the prevailing market conditions can be con-
siderable. The choice between water or steam injection or low-NOX in retrofitting
old gas turbines is dependent on the application and market situation.
5.3.4 Secondary NOX reduction techniques
The simplest secondary method is the use of the selective non-catalytic reduction
(SNCR), whereby ammonia or urea is injected into the flue gas leaving the furnace
close to the 900 °C temperature. With it, a NOX reduction of up to 50 % is achieva-
ble with a typical cost of 1 000 euro/tonne of NO2 reduction. This, however, is
strongly dependent on the NOX level of the boiler. Besides the cost of the equip-
ment and reagent, an additional drawback of SNCR is the emission of unreacted
ammonia into the atmosphere (ammonia slip). The ammonia concentration in the
emission should be below 5–10 mg/m3n to avoid problems in the utilisation of fly
ash and smell of the flue gas in surrounding area. The ammonia slip is often the
limiting factor in the utilisation of SNCR technique. To avoid the ammonia slip
with SNCR technique, a low layer of SCR catalyst may be installed in the econo-
mizer area of the boiler. When this catalyst reduces ammonia slip, it also reduces
the corresponding amount of NOX. In CFB boilers, using SNCR+SCR combina-
tion, NOX emission of 50 mg/m3n with ammonia slip below 5 mg/m3n is achieva-
ble.
A more effective method is selective catalytic reduction (SCR) with ammonia
in the presence of a catalyst used as the reducing agent. It needs to be performed
at a gas temperature of ca. 300–400 °C. This method has found extensive use in
Japan, the USA and Europe. The reduction efficiency of SCR is dependent on the
NOX concentration prior to the catalyst and naturally on the volume of the cata-
lyst. In large pulverised coal combustion power plants NOX emission level of
around 140–190 mg NO2 /m3n (O2 = 6 %) is reached. For smaller boilers SCR tehc-
nique is too expensive to be considered as BAT.
One disadvantage suffered also by SCR is the ammonia. The higher the de-
sired degree of NOX reduction is, the higher the ammonia slip tends to be, unless
more reaction time, and hence catalyst volume, is provided to control the ammo-
nia slip. With SCR, however, the ammonium slip is easier to control than with
SNCR tehcnique. A potential environmental problem is linked to the handling and
transportation of ammonia, which is a poisonous substance, and as such creates a
risk for the environment and human beings alike.
In gas turbines the selective catalytic reduction (SCR) removes up to 90 %
(achievable level) of the formed NOX. The cost of NOX reduction is on the order of
5 000 euro/removed NO2 tonne in 70 % reduction efficiency. If better efficiency is
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required, more catalyst is needed, and the unit cost of reduction starts growing
quite rapidly with growing reduction efficiency.
The SCR in gas turbine HRSG has characteristics similar to the SCR process
described above for conventional steam generators. In gas turbine applications,
new extremely efficient techniques are emerging, which, in the future, may be
substituted for the SCR as the best available technique. They are discussed in
Chapter 6.
5.3.5 NOX emission BAT levels
The BAT NOX emission levels are summarised in the table 18. These levels are in-
dicative and do not include all possible combinations of technologies and fuels.
When considering the BAT levels it has been agreed on that catalytic reduc-
tion is applied only for the largest coal-fired power plants. BFB and CFB technol-
ogies have been considered to include all fuels (wood biomass, peat, coal) and the
combinations of fuels. The actual BAT level varies according to the fuels or combi-
nation of fuels, and that must be acknowledged in each specific case. The values
given are typical for new installations. In retrofit cases these levels may be impos-
sible to reach with economical solutions.
It is estimated that NOX emissions of new oil-fired boilers (> 50 MWth) boil-
ers are around 270–300 mg NO2 /m3n (O2 = 3 %) without over fired air (OFA) and
with OFA around 230 mg NO2 /m3n (O2 = 3 %). For the retrofits of existing oil-fired
Table 18. BAT NOx emission levels for different processes and fuels. The values given are typical for new installations. In ret-
rofit cases these levels may be impossible to reach with economical solutions.
Process Indicative BAT NOx emission level mg NO2/m3n flue gas conditions
Pulverised coal combustion
> 300 MWth 140–1901 O2 = 6 %, dry
(200–280)2
(340–420)3
100–300 MWth not evaluated in this report4 O2 = 6 %, dry
50–100 MWth not evaluated in this report4 O2 = 6 %, dry
BFB combustion
– wood, peat, co-combustion 180–2605 O2 = 6 %, dry
CFB combustion
– wood, peat, co-combustion 155–2605 O2 = 6 %, dry
Gas turbines
– natural gas fired CCGT 40–506 O2 = 15 %, dry
– oil-fired CCGT (LFO) 1006 O2 = 15 %, dry
– GT open cycle 40–506 O2 = 15 %, dry
1) This level can be reached only by utilising SCR technology, the range is due to different fuel qualities
2) These values in parenthesis are typical for new boilers when using primary measures only.
3) These values in parenthesis are typical for retrofits of existing boilers when using primary measures only. These are very case
and site specific and should be read as indicative values. SCR technology is not considered as BAT for old boilers due to high
costs.
4) New pulverised coal fired boilers below 300 MWth are unlikely and have been considered to be out of the scope of this report
due to lack of experience
5) Dependent on the nitrogen content of the fuel. The amount of biomass in co-combustion with peat may affect on emission
level. These values are given considering that no secondary methods are in use. Limestone injection typically increases the
emission by 10–30 mg/m3n.
6) With low-NOX turbine technology only. Secondary measures have been considered to be too expensive as BAT on general
basis.
99The Finnish Environment 458 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
boilers emission values of 340–400 mg NO2/m3n (O2 = 3 %) are typical. These val-
ues are given to heavy fuel oil with N content of 0.4 w-%.
No BAT level can be given for N2O emissions. N2O is specific to FBC boilers
only and forms if the combustion temperature is low. N2O emissions of signifi-
cance (levels over 20 mg/m3n (O2 = 6 %)) are more typical to CFB than for BFB
boilers.
5.4 Reduction of particulate and heavy metal emissions
5.4.1 Reduction of particulate emissions
The mineral fraction of the fuel form to ash in combustion process. Different fuels
have different mineral contents and thus the amount of ash varies according to
the fuel. A share of the ash is collected as bottom ash from the boiler. Most of the
ash leaves the boiler with flue gas and is called fly ash. Fly ash is removed from
the flue gas with particulate removal techniques in order to avoid particulate
emissions. Effective removal of fly ash is necessary in LCPs using solid fuels or
heavy fuel oil. When gas is burned, no particulate emissions to speak of are gen-
erated. In LFO processes the amount of fly ash is moderate and the need for re-
moval of particulates from the flue gas depends on the quality of the oil.
The most effective and frequently used techniques for particulate removal are
• the electrostatic precipitator, and
• the fabric filter.
Cyclones and other mechanical collectors and liquid scrubbers have also been
used. However, from the vantagepoint of today, they alone are usually insufficient,
although they are sometimes used as a pre-cleaning stage in the gas path before
the more efficient particulate removal equipment. In gas or LFO-fired boilers, no
particle removal is necessary, and with some low ash HFO-fired boilers, mechan-
ical collectors may be acceptable in some cases.
For LCPs burning oil or solid fuels, the electrostatic precipitator and a bag-
house using fabric filters are both capable of very high particle removal efficiency,
more than 99.5 % is not uncommon as a guaranteed value. The particulate emis-
sions typical of current practice are below 50 mg/m3n. Even 20 mg/m3n and lower
are quoted as guarantee values in some cases. The choice between the two tech-
niques depends on the quality of the fuel and other issues specific to the applica-
tion. The particle removal efficiency is largely a matter of dimensioning; by invest-
ing more money in the equipment already very good collection efficiency can be
further improved. The most important factors (in addition to the equpiment spe-
cific parametres) affecting the removal efficiency of ESPs and baghouses are the
particle size distribution, the electric properties of the particulates (resistivity of
ash, relevant for ESP), the temperature and the moisture content of the flue gas,
the sulphur content of the flue gas, and the amount in unburnt coal in the ash.
The particulate emisson is also dependent on the applied desulphurisation
technique. Wet scrubber removes a share of the particulates. Removal of particu-
lates is a part of the spray dry tower technique and should be designed according
to the BAT particulate emission level. In FBC boilers the addition of limestone in-
creases the amount of particulates in the flue gas and may lead to increasing emis-
sions.
The BAT particulate emission levels for different fuels and processes are con-
sidered and given in Table 19.
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Table 19. BAT emission levels of particulate matter for different processes.
Fuels and boiler sizes BAT level mg/m3n flue gas conditions
Solid fuels
> 300 MWth 10–301 O2 = 6 %, dry
100–300 MWth 20–301 O2 = 6 %, dry
50–100 MWth 30–501 O2 = 6 %, dry
Oil-fired boilers
> 300 MWth 30 O2 = 3 %, dry
100–300 MWth 30 O2 = 3 %, dry
50–100 MWth 50 O2 = 3 %, dry
Natural gas 0–32 O2 = 15 %, dry
1) varies according to fuel properties (ash content, sulphur content, resistivity of the ash) and to the technology applied (with
baghouse normally lower emission than with ESP). In general the quality of biomass ash makes it more difficult to collect than
the ash of coal or peat.
2) does not require flue gas cleaning, emission is low due to fuel properties
5.4.2 Heavy metals
The mineral content of the fuel includes different substances depending on the
origin of the fuel. All solid and liquid fuels have minor concentrations of different
trace elements such as heavy metals. The behaviour of the heavy metals in com-
bustion is of complex process chemistry and physics. Basically most of the heavy
metals evaporate in the combustion process and condensate later on in the proc-
ess on the surfaces of the particulate matter (fly ash). Efficient removal of particu-
late matter removes a major part of the heavy metals and decreases the emission
of these elements. A part of the heavy metals stays in the boiler and is removed
with the bottom ash.
Depending on the reactions and on the evaporating temperatures of differ-
ent substances a share of some of the heavy metals stays in gaseous phase and
passes through the electrostatic precipitator. Wet scrubber desulphurisation and
baghouse are techniques that remove a part of the gaseous heavy metal emissions.
Only a small share of the heavy metals releases in the atmosphere, a part together
with particulate emission and a smaller share in gaseous phase. Mercury is the
only heavy metal with a remarkable share in gaseous phase after the power plant
process.
A lot of measurements have been made in LCPs to analyse the reactions of
heavy metals and the distribution of different substances to different material
flows in power plant process. Typically, more that 98 % of the heavy metals con-
tained in the fuel are removed with ash (bottom ash + fly ash) and end product
of desulphurisation process with mercury being the exception.
In table 20 there is a summary of the heavy metal measurements of three
Finnish coal fired LCPs with ESP and wet chemical desulphurisation. Similar
measurements have been made for peat and biomass boilers and the results are
very similar. As the conclusion of the measurements it can be said that the best
technique to reduce heavy metal emissions is to reduce particulate emissions.
No BAT level for different heavy metal emissions are given in this report. The
amount of emission is highly fuel and process specific. By taking care of efficient
removal of particulate matter heavy metal emissions are not significant in normal
LCP processes. With waste incineration heavy metal emissions are an important
issue and there are a number of techniques available for the removal of heavy
metals from the flue gas.
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Table 20. The division of heavy metals in different material flows in pulverised coal fired boilers with ESP and wet chemical
desulphurisation. (A summary of the measurements of three Finnish LCPs).
Heavy metal                             Share (%) of heavy metal to different outflows of the process Emission 3
Removed with Removed with FGD Share released to Concentration
bottom ash and with  end product + filter atmosphere via stack in the emission
fly ash from ESP cake of waste water
treatment plant
Arsenic (As) 97–98.7 % 0.5–1,0 % 0.3–2 % 0–5 µg/m3n
Cadmium (Cd) 95.2–97.6 % 0–1.1 % 2.4–3.6 %1 0–5 µg/m3n
Chromium (Cr) 97.9–99.9 % 0–0,9 % 0.1–0.5 % 0–5 µg/m3n
Mercury (Hg)2 72.5–82 %2 0–16 % 5.1–13.6 %2 0–5 µg/m3n
Manganese (Mn) 98–99.8 % 0.1–1.7 % 0.1 % 0–5 µg/m3n
Nickel (Ni) 98.4–99.8 % 0.2–1.4 % 0.1–0.4 % 0–5 µg/m3n
Lead (Pb) 97.2–99.9 % 0–0.8 % 0.1–1.8 % 0–5 µg/m3n
Vanadium (V) 98.4–99.0 % 0.9–1.3 % 0.2–0.3 % 0–5 µg/m3n
1) The emission of cadmium was higher in these measurements than generally reported in the literature
2) The removal efficiency of mercury was higher and the emission lower in these measurements than is normally reported in the
literature. In literature it is reported that about 20–30 % of the mercury releases to the atmosphere and only about 30–
40 % is removed with ESP.
3) The emissions are indicative values, including both gaseous and particulate emissions. With good particle removal the con-
centrations of all heavy metals in emissions are typically below or around 1 mg/m3n.
5.5 Prevention of water and soil pollution
5.5.1 Wastewater treatment
The production of desalinated make-up water for steam generators usually takes
place at the plant. Also, the feed water for the desalinaton plant can be produced
at a dedicated water treatment plant, if it is not available at acceptable cost from a
public potable water network. The resulting acidic and alkaline waste waters of
the desalination plant ion exchange resin regeneration can be neutralised with the
very same regeneration chemicals to produce harmless dilute water solutions of
naturally occurring salts. The waste water and sludges from the raw water pose
no threat to the environment. Where there is a reasonably sized body of water,
these waters can be safely led to it, or they can be led to the public sewer system.
Small amounts of oil contaminated (washing) water cannot be prevented
from occurring occasionally at a power plant. Oil separation wells for such waster
water are, in general, sufficient to avoid any environmental damage. The danger
of oil contamination gets entirely different proportions, when we consider the risk
of accidents in oil transportation or storage at oil-fired power plants. These prob-
lems are no different from oil transport and storage in general; there are no LCP-
specific issues to deal with in this respect.
The wet scrubbing desulphurisation requires a waste water treatment plant.
The waste water treament plant consists of different chemical treatments that re-
move the heavy metals in and decrease the amount of solid content from, the wa-
ter. The treatment plant includes adjustment of pH, precipitation of heavy metals
and removal of solid matter and the precipitate from the waste water. In normal
practice with modern technology following parametres are monitored: pH, con-
ductivity, temperature, solid content, chlorine content, heavy metal concentrations
(such as Cd, Hg, As, Cr, Cu, Ni, Zn, V, Pb), fluorine concentration and chemical
oxygen demand (COD). The quality of the waste water after the waste water treat-
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ment plant varies a lot according to the fuel quality, desulphurisation process and
to the discharge of the waste water. In some plants the water is led to municipal
waste water treatment plant while in some cases it is led directly to either sea or
lake. The heavy metal concentrations in the waste waters of Finnish coal-fired
LCPs equipped with wet scrubber and waste water treatment plant are typically
between less than 0.05 mg/l (Hg) to around 5–10 mg/l (Ni, Cr).
5.5.2 Cooling water
At Finnish condensing power plants, direct water cooling is exclusively used. With
direct water cooling, there is no way of avoiding the heat emission into the water-
course. The economically optimal temperature rise in the cooling water in the con-
denser is quite often in the 7...10–14 °C range. Only minor environmental impacts
of heat emission from direct water cooling have been recorded in Finnish condi-
tions.
Particularly in the warm and salty seawaters, the cooling water must be treat-
ed against biofouling, for which the best available technique is the use of chlorine.
In the Finnish conditions of cold cooling water with low salinity, chlorination is
often not needed at all, or it is needed only for short periods at given times of the
year. The required chlorine level of the cooling water exiting the system is usually
below 1 ppm, for which no adverse environmental impacts have been reported.
The direct water cooling is advantageous to the indirect cooling because of
higher total efficiency of the whole power plant process.
5.6 Utilisation and disposal of solid wastes
The solid wastes of LCP processes to dispose of in any appreciable quantities are
• furnace bottom ash (slag)
• fly ash
• end product of flue gas desulphurisation.
The quality of these materials varies a lot depending on the fuels and on the ap-
plied power plant process. A lot of attention has been paid to the utilisation of
these materials instead of depositing in landfills. Utilisation should always be pre-
ferred when it is possible technically, economically and environmentally safely.
The quality of the bottom ash, fly ash and by-products of desulphurisation
and the utilisation of these materials are introduced in Chapter 4.6. In this Chap-
ter issues having effect on the possibilities to utilise these by-products is discussed.
5.6.1 Bottom ash and fly ash
Coal fly ash is mainly used as raw material by the construction industry e.g. in soil
and road construction. The benefits compared to conventional aggregates are
lighter weight, better thermal insulation, self-hardening property and lower price
when used locally. Coal bottom ash is utilised mainly in earthworks. The utilisa-
tion degree of coal fly ash has been around 70 % and the coal bottom ash over 80
% in Finland.
The utilisation degree of peat bottom and fly ash has varied between 50 %
and 70 %. The ash of wood biomass can be used to fertilisation of forests (recycling
of the minerals).
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There are tens of different targets of utilisation for different by-products. Each
different way of utilisation sets specific criteria for the quality of ash. All of these
criteria are impossible to be introduced in this BAT reference document. The qual-
ity criteria are usually connected to the structural properties of ash and the con-
tent of the harmful substances such as amount of unburnt coal in ash, solubility
of trace elements etc.
The utilisation criteria should be included in the LCP BAT consideration.
Some of the technologies introduced in this document as possible BATs may have
negative side effects to the quality of ashes. Primary NOX-reduction techniques
(low-NOX combustion) have sometimes been reported to cause increase in the
amount of unburned carbon in fly ash, which hampers the utilisation especially
in the cement industry. Secondary NOX-reduction techniques with urea or ammo-
nium injection in the flue gas may increase the ammonium concentration of fly
ash to a level that prevents the utilisation. The quality of fly ash may be a limiting
factor to the NOX removal efficiency of these techniques.
In FBC the limestone addition in the boiler increases the amount of the fly
ash and changes the quality. The higher the Ca/S ratio (better desulphurisation
degree) the bigger the amount of unreacted calcium in the fly ash. That weakens
the structural properties of fly ash.
If no use is found within a reasonable transport distance for the LCP wastes,
they must be landfilled. A good practice is to investigate the chemical content and
solubility of trace elements of these wastes. Based on the information on the solu-
bility, the environmental acceptability and possible precautions for landfilling can
be determined.
5.6.2 End product of flue gas desulphurisation
The end product of wet scrubbing technique is gypsum which is a commercial
product of the plant. It can be sold and used instead of industrial gypsum. Practi-
cally all gypsum produced in the Finnish coal power plants is utilised in the plas-
terboard industry. The purity of gypsum limits the highest possible amount of
limestone that can be fed in the process.
The end product of semi-dry desulphurisation processes is used for different
construction purposes instead of natural minerals. In Finland it has been utilised
for road construction, for earthworks of composting and storage fields, for filling
of mine pits, and for excavation dams in watertight construction. The utilisation
degree has been around 40 %.
5.7 Noise prevention
The measures of noise abatement are focused on reducing noise at source. The
noise can radiate from stacks, openings, or external equipment. There are rather
standard solutions, which can be applied to noise prevention in the LCPs.
• Inclusion of the noisy piece of equipment in an acoustic enclosure to prevent
the noise emissions into the building
• Sound attenuation structures in flow channels an pipes in connection with
fans and compressors
• Use of sound absorbing surface material on the building inside walls
• Construction of the buildings walls, doors and windows for sound attenua-
tion
• Use of silencers at the exits of relief valve blow-out pipes.
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It is a standard practice to have an acoustic enclosure for gas and steam turbines
and electrical generators, and, increasingly also for major fans and pumps with
motor and gearbox. Silencers are always constructed in gas turbine inlet and out-
let ducts, and also in the ducts of forced and induced draft fans. The blow-out
pipes of the relief valves are equipped with silencers.
The BAT noise emission levels of the LCP differ according to the environment
where the plant is sited and the levels are expressed as immission values. The plant
should be designed, constructed and operated so that the environment noise lev-
els at the plant site boundaries on the nearest disturbed target do no exceed the
values 45–55 dB LAeq. The quidelines of the lower noise immission levels (45
dBLeq(7.00–22.00) or 40 LAeq(22.00–7.00) are applied in the noise sensitive envi-
ronment, like in the leisuretime housing and nature reserve areas. The higher
noise immision levels (55 dBLeq(7.00–22.00) or 50 LAeq(22.00–7.00) are applied in
the housing areas. Within the plant itself, the workplace noise level is reduced
below 85 dB(A) in frequently visited areas.
5.8 Operation and maintenance of LCP
The main emphasis of the BAT reference document is naturally on introducing
technologies. However, the technology alone is not the only key for good environ-
mental performance of a large combustion plant or any other industrial process.
The competence of the personnel and the operation and maintenance routines of
the LCP process play an essential role in the performance of the plant and in the
emissions and other environmental effects of the plant.
Good operation and maintenance will benefit the power plant productivity
and the environment with the following consequences:
• optimisation of the process economy resulting continuously high energy ef-
ficiency and minimal use of natural resources
• good continuous performance minimising the exceedings of the emission
limit values
• avoidance of harmful disturbances causing expenses in the production and
increased emissions
• longer life-time of the plant
• avoidance of accidents resulting increased safety for the people and the en-
vironment.
There is a number of practices for improving the operation and maintenance of
an LCP plant. As examples, maintenance can be supported with a computer aid-
ed information system and monitoring of the process and the emission monitor-
ing can be supported by a quality assurance and quality control procedure.
Several Finnish power plants have developed quality assurance systems ac-
cording to international quality standards (such as ISO9000 standards) for the
entire operation and maintenance of the power plant. These quality assurance
systems have proven to be excellent methods for systematic and continuous im-
provement of operation and maintenance practices.
Some LCP operators have expanded their quality assurance system with en-
vironmental management systems and with occupational health and safety sys-
tems according to international standards (such as ISO14001 and BS8800).
There are also promising results and good experiences of developing power
plant efficiency gained by voluntary energy saving agreements in Finland. This
concept involves energy efficiency analysis followed with an action plan per-
formed by the LCP operator. The action plan is followed up and updated annual-
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ly. This kind of continuous procedure seems to be an effective means to improve
the energy efficiency.
All of these systematic operation and maintenance practices shortly described
above include the education of personnel and the involvement to the continuous
development of operation and maintenance resulting better productivity for the
power plant and decreased amount of harmful environmental effects. These kinds
of systems are always based on the initiative of the operator of the plant and can-
not be a part of licensing procedure of the LCP. But they are effective for better
environmental performance and can be understood as BAT in broader sense.
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Outlook on emerging techniques
In this chapter, we present an outlook on emerging techniques holding a promise
of emission reductions over and above the current BAT. The first part of this dis-
cussion deals with the development of energy efficiency in power generation. The
second part includes a selection of emerging techniques aiming at reducing fur-
ther the emissions from LCPs to the environment.
6.1 Power generation technology
6.1.1 Gas turbine and CCGT
The quest for improved CCGT efficiencies requires ever-higher turbine inlet (TIT)
temperatures. Any future increase in gas turbine efficiency necessarily means
higher a combustion temperature. Today, the combustion temperature in gas tur-
bine low-NOX combustors has reached a level, where the NOX formation increas-
es very rapidly indeed with the increase of the combustion temperature. It appears
that the premix low-NOX combustion alone – successful as it has been – can no
longer achieve acceptable NOX levels, if higher CCGT efficiencies are sought.
The improvement in gas turbine primary NOX control with higher turbine
inlet temperatures follows two routes. One is the sequential firing with two-stage
combustion. In this technique, there is an additional combustion chamber, and
more gas is burned in the gas flow after partial expansion in the gas turbine. Good
gas turbine performance can be achieved with lower TIT than would be required
in the standard single stage combustion. One manufacturer of big gas turbines
already has this technique in early commercial stage. The other technique, availa-
ble only in CCGT applications, is to use the steam cycle intermediate pressure
steam to cool the gas turbine combustion chamber transition piece and the turbine
vanes and blades. This makes more air available for the flame, and the flame tem-
perature can decrease without a corresponding decrease in TIT. This technology,
except for the transition piece steam cooling, is currently entering the commercial
demonstration phase, with the first full scale demonstration plant due to be com-
missioned in 2002.
The development of a gas turbine with steam cooling is included in the Ad-
vanced Turbine Systems (ATS) programme sponsored by the US Department of
Energy (DOE). The goal is to develop gas turbines, which make possible a CCGT
heat rate of below 1.67 (efficiency > 60%), “single digit NOX” (in ppmv; <20 mg/
m3n), and 15 % reduction in the power generation cost. Based on the statements
of the big gas turbine manufacturers participating in the ATS programme, it now
appears possible that such performance will be indeed achieved in the foreseea-
ble future (Stambler I. 1999). We can conclude that the advanced gas turbine de-
signs qualify as emerging BAT, which may become commercially viable in a few
years’ time.
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6.1.2 IGCC and PFBC power plants
There are two emerging power plant technologies, which use solid fuels or refin-
ery bottom residue and hold promise for higher thermal efficiency, better environ-
mental performance and lower power generation cost than the conventional
steam cycle. One is the pressurised fluidised bed combustion (PFBC), and the oth-
er the integrated gasification combined cycle (IGCC). Both combine the gas tur-
bine and steam turbine cycles, and both have several commercially sized plants
in operation. These technologies are today in the early commercialisation or late
demonstration phase, depending on how one assesses the somewhat discourag-
ing operating experiences gained so far (de Biasi V. 1999; Pruschek R. & al 1999).
In the IGCC power plant, both SO2 and particulate matter are removed al-
ready from the generated fuel gas, which can be done with great efficiency. The
method of fuel (synthesis) gas desulphurisation is quite different from the flue gas
desulphurisation, because the sulphur is in the fuel gas and mainly exists as hy-
drogen sulphide H2S in the pressurised (10–20 bar) synthesis gas, as opposed to
SO2 in the combustion gas of a conventional boiler. The scrubbing of H2S from cold
(20–40 °C) gas with organic scrubbing liquids, its subsequent stripping by steam
from the scrubbing liquid, and, finally, the reduction of H2S to elemental sulphur
in a Claus plant, are mature technologies widely applied in oil refineries and oth-
er chemical industries.
From the efficiency point of view, it would be better, if the synthesis gas were
not cooled down for cleaning. To achieve this, the removal of sulphur from the hot
(500–600 °C) fuel gas is attempted by using regenerable metal compounds as reac-
tants. These techniques are still at an early experimental or pilot phase. Removal
of particles from the cold IGCC fuel gas is currently done by cyclones and water
scrubbing. For hot gas filtration, tubular filters of sintered metal are in pilot and
demonstration phases for both IGCC and PFBC processes.
In the PFBC, the final removal of particles often takes place in a baghouse or
ESP in the exhaust flue gas with equipment identical to that used in conventional
boilers. The removal of SO2 and NOX in a PFBC is done using the primary in bed
methods described above, in connection with the atmospheric FBC. If the result
is considered unsatisfactory, the secondary methods of NSCR and SCR can be
used. The first PFBC plant was commissioned in Stockholm in 1990 (Alsparr J.
2000), but only a few plants have been commissioned or ordered since. At the time
of this writing, there are one 360 MWe PFBC unit under construction, and 4 small-
er units in operation, two of them in Europe. When using in bed desulphurisation,
SCR and ESP, the design environmental performance of the 360 MWe unit is sum-
marised as follows (Veenhuizen and Anderson 2000):
• 220 mg/m3n SO2
• 123 mg/m3n NO2
• 30 mg/m3n dust.
The IGCC, in particular, is a promising concept, which appears to have enough
development potential to eventually outperform the conventional steam cycle in
solid fuel and refinery residue fired applications. The gasification of coal as such
dates back to the generation of town gas in the early 1800s, and large-scale pro-
duction of synthesis gas from coal using the High Temperature Winkler (HTW)
gasification is known from the Second World War Germany. In the oil embargoed
South Africa, the same process was used in large scale until recent years. Never-
theless, there are only two modern coal-based full-scale demonstration IGCC
plants in operation in Europe (Buggenum; Puertollano), both of them construct-
ed with national and EU subsidies.
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The pressurised gasification of heavy oil residues in oil refineries for synthe-
sis gas generation can be described as an established technology in itself, but its
application to large combustion plants is only entering the demonstration phase.
In Europe, three heavy oil residue-based IGCCs are under construction in Italian
refineries Sarlux, ISAB and API (de Biasi V. 2000). All of these have received subsi-
dies, which have made their construction possible.
As of today, neither PFBC nor IGCC techniques have fully proven their tech-
nical reliability or economic competitiveness to qualify as a large combustion plant
BAT. Judging from the slow and painful progress in the demonstration phase, they
may remain in the emerging technology category for some time to come.
6.1.3 Efficiency improvement at conventional condensing plants
The technology applied at conventional condensing power plants experienced a
nearly three decades long period of very little change or improvement in power
generation efficiency. With competition from the CCGT and environmental pres-
sures, there appears to be some movement again (Heitmüller RJ. & Kather A. 2000).
The means to improve the conventional steam cycle efficiency can be
grouped as follows:
(i) Use of new high strength materials, which make higher steam pressures and
temperatures and, along with them, higher efficiency possible
(ii) Advances in computational fluid dynamics. This makes it possible to design
turbines, fans and pumps with higher efficiency. This improves the power
generation efficiency and decreases the parasitic plant own consumption of
electricity.
(iii) Advances in electric motor control and efficiency, which decreases the para-
sitic own power consumption
(iv) Approaching the thermodynamic limits of efficiency by investing more mon-
ey in the plant. Examples of such measures are:
a, Using up to 10 feed water heating stages (while 6–7 have been the
practice)
b, Using 2-stage reheat instead of 1-stage reheat; designing larger
condensers resulting in a lower condenser pressure
c,  increasing the size of boiler heat transfer surfaces to decrease
pressure loss and thereby parasitic power consumption of fans.
(v) With wet fuels such as lignite or peat, the use of secondary low temperature
heat for fuel drying, i.e. increasing their heating value before combustion.
The measures under (i) to (iv) in themselves are included in the current BAT. They
relate to the improving skills of the plant designers and the investors’ willingness
to invest more money with diminishing returns into the improvement of plant
efficiency. With materials available today, steam temperatures up to 600 °C and
pressures up to 300 bars appear to be within reach on acceptable economic terms
(Lorey H. & Scheffknecht G. 2000). Technically, such steam conditions have been
mastered since the 1950s.
The regenerative drying of wet fuels, item (v) above, offers a considerable
efficiency improvement potential for lignite and peat, but the cost and unreliabil-
ity of the equipment and the environmental pollution problems have hampered
their widespread use.
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6.2 Pollution abatement techniques
6.2.1 Fuel cells and catalytic combustion
Fuel cells
The fuel cell is a device, which converts the chemical energy released in fuel oxi-
dation directly into electricity. The theoretical potential of a fuel cell in electricity
generation is far bigger in terms of efficiency than that of any method using the
conventional combustion. The feasibility studies made in the ATS programme in-
dicate that gas turbines in combination with Solid Oxide Fuel Cells (SOFC) can
achieve an efficiency of up to 70 %, and in combination with a Molten Carbonate
Fuels Cells (MCFC) an efficiency of 72 % (LHV basis). The NOX-emissions of 1
ppmv (ca. 2 mg/m3n) are projected for such systems (Stambler I. 1999). The practi-
cal applicability of a fuel cell is limited to natural gas, and even it must, in most
applications, first be reformed, i.e. split to hydrogen and carbon dioxide. The hy-
drogen is then used as fuel in the fuel cell.
Today, the fuel cell technology for large-scale power generation is still on the
drawing board, although several pilot size (< 10 MWe) fuel cell installations exist.
Alone the natural gas-based fuel cells of today can hardly achieve the power gen-
eration efficiency of a modern CCGT, not to speak of economic competitiveness.
From the large combustion plant BAT point of view, the fuel cell-based power plant
is an interesting prospect, but it does not yet qualify as an emerging technique.
Catalytic combustion of natural gas
The catalytic combustion of natural gas in gas turbine combustors is emerging as
a new low-NOX combustion technology. It is currently under development in the
ATS programme, and testing is already going on also in one large-scale turbine.
In this particular case, ca. 50 % of the fuel gas are first oxidised with the aid of a
catalyst, and thereafter, the rest of the gas is oxidised in a homogeneous combus-
tion without a flame. Emission levels are expected to be below 2 ppm for both NO2
(4 mg/m3n) and CO (3 mg/m3n) (Evans P. 2000). With small gas turbines, the pros-
pects of catalytic combustion seem promising, due to the basic simplicity of the
technique (Flin D. 1999), but it is too early to predict how catalytic combustion will
fare in the competition against other emerging, very efficient NOX abatement tech-
niques.
6.2.2 Emerging GT pollution abatement techniques
Soconox (MPS 2000)
A new secondary technique for NOX-reduction for gas turbines, known by its trade
name Sconox, is now appearing on the commercial market. It promises very low
NOX emissions below 1 ppmv (2 mg/m3n). In 1997 and 1998, this technique has
been declared by the US Environmental Protection Agency as achieving the low-
est available emission rate, and it has received the California Environmental Pro-
tection Agency’s Environmental Technology certification. The technique is com-
mercially available, and it is claimed to be economically competitive with the SCR
technique.
The Sconox technique is based on a single platinum/aluminium catalyst. It
works by simultaneously oxidising CO and NO, and the absorbing NO2 onto its
surface through the use of potassium carbonate absorber coating. During this cy-
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cle, the potassium carbonate coating reacts with potassium nitrites and nitrates.
The absorber must be regenerated periodically by passing a dilute hydrogen and
carbon dioxide containing reducing gas across the surface of the catalyst in the
absence of oxygen. The potassium nitrites and nitrates react with the regeneration
gas to form potassium carbonate, nitrogen and water vapour. A typical arrange-
ment will have 10–15 sections of catalyst, which can be separately isolated from
the flue gas stream for regeneration. At any one time, 80 % of the catalyst are in
operation and 20 % in regeneration.
Scosox (MPS 2000)
The Scosox technique resembles the Sconox in principle. In it, SO2 is oxidised to
SO3, which subsequently reacts with a sorbent. Regeneration of the sorbent is done
again with dilute hydrogen gas, and both the Sconox and Scosox absorbers can be
regenerated simultaneously with the same regeneration gas. Scosox elements are
placed upstream of the Sconox catalyst.
6.2.3 Combined SOX/NOX reduction processes
Combined SO2/NOX reduction processes are often built from separate SO2 removal
and NOX removal processes. These are typically high-performance lime or lime-
stone FGD (SO2) systems with SCR (NOX). Separate processes work individually,
which gives them the opportunity to optimise the removal of each component in
various process situations.
The driving force behind the development of the combined processes is to get
savings in both investment and operation costs. There has been progress in devel-
oping these processes, and they are already applied at power plants, but they can
still be categorised as emerging technologies.
Typical processes are dry processes and wet processes. Promising dry proc-
esses are adsorption/regeneration, gas/solid catalytic processes, irradiation and
alkali dry spray. Possible wet processes are oxidation/absorption and iron chelates.
Solid adsorption/regeneration
In these processes, flue gas is mixed with the sorbent material in a fluidised or
moving bed reaction chamber. The pollutant is adsorbed onto the surface of the
sorbent. After adsoption has occurred, the sorbent is taken out and regenerated.
The regenerated sorbent will be returned into the reaction chamber.
High reduction rates are possible for both emission components. Depending
on the process, the effluent from regeneration can be reusable, and the amount of
waste may be very moderate.
For example, there is an activated carbon process, which removes SO2 in the
first stage and NOX in the second. Saturated carbon is reactivated and the by-prod-
uct formed is sulphuric acid, which can be further processed to elemental sulphur.
Other used process agents are copper oxides with ammonia injection.
Gas/solid catalytic processes
These are quite similar to SCRprocesses. One application has a normal SCRproc-
ess producing elemental nitrogen and water vapour. SO2 is catalysed to SO3 and
condensed to saleable sulphuric acid. The reduction rates achieved with this meth-
od have been 95 % for both pollutants. Another process uses dry sorbent for SO2
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removal. One process has a reactor, where the sorbent, ammonia and catalytic
material are introduced, and the process works as a circulating fluidised bed.
Irradiation
Cooled flue gases are irradiated with an electron beam causing removals of over
90 % for SO2 and 80 % for NOX. End products are salts in particulate form and re-
moved by ESP or fabric filter.
Alkali dry spray process
Alkali sorbent is injected into a reactor where SO2 and NOX are removed. Sodium
sulphate acts as a catalyst to oxidise NO to NO2. Calcium hydroxide forms salts
with pollutants in the temperature range of 65–80 °C.
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Acronyms and Definitions
Acronyms
AFBC Atmospheric Fluidised Bed Combustion (i.e. not pressurised)
ATS Advanced Turbine Systems (program); A gas turbine development
program sponsored by DOE, USA
BFBC Bubbling Fluidised Bed Combustion
BAT Best Available Techniques; see definition
BREF BAT reference (document)
CCGT Combined Cycle Gas Turbine (power plant); see definition
CCOFA Close Coupled Over-Fire Air (combustion system)
CFBC Circulating Fluidised Bed Combustion
CHP Combined Heat and Power (generation or plant); cogeneration; see
definition
deNOX Removal of NOX from the flue gas
deSOX Desulphurisation
DH District Heat(ing)
DOE Department of Energy (USA)
EEC European Economic Community (predecessor of EU)
ESP ElectroStatic Precipitator
EU European Union
FGD Flue Gas Desulphurisation (plant)
FBC Fluidised Bed Combustion
HFO Heavy Fuel Oil
HHV Higher Heating Value
HOB Heat Only Boiler
HRSG Heat Recovery Steam Generator (WHB)
IGCC Integrated Gasification Combined Cycle (power plant)
IPPC Integrated Pollution Prevention and Control (see definition)
LCP Large Combustion Plant (see definition)
LFO Light Fuel Oil
LHV Lower Heating Value
LIFAC Reg. trademark of a desulphurisation process
Low-NOX Refers to a combustion process (burner) with low-NOX generation
LPG Liquid Petroleum Gas (propane; butane)
Mtoe Million ton oil equivalent (41,868 PJ; 11.63 TWh)
m3n Normalised cubic meter of gas, i.e. gas at 1 bar pressure and 0 °C tem-
perature.
mg/m3n milligram per normalised cubic meter (concentration). The unit used
in this report is mg/m3n NO2, SO2 or particles in dry flue gas with O2
= 3 % for gas and oil firing in boilers, 6 % for solid fuel boilers and
15 % in gas turbines. Conversion factors for mg/MJ and ppmv can be
found in App. 5.
MWe MW (electricity output)
MWth MW (heat input)
NOX NO and NO2 collectively.
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OFA Over Fire Air
PFBC Pressurised Fluidised Bed Combustion
RDF Refuse Derived Fuel; REF
REF Recycled Energy Fuel; RDF
SCR Selective Catalytic Reduction
SOX Sulpur oxides SO2 and SO3 collectively.
SNCR Selective Non-Catalytic Reduction
TIT Turbine Inlet Temperature
waf Water and ash free (dry substance of a fuel)
WHB Waste Heat Boiler (HRSG)
Definitions
“emission”
In the LCP directive: The discharge of a substance from the combustion plant to
the air; In the IPPC directive: The direct or indirect release of substances, vibra-
tions, heat or noise from individual or diffuse sources in the installation into the
air, water or land
“extraction steam turbine”
A steam turbine, from which steam is extracted (bled, passed out) at higher pres-
sure than the exhaust steam pressure, in order to use the steam thus extracted for
heating or industrial processing purposes external to the power plant steam cycle
itself.
“back pressure turbine”
A cogeneration steam turbine, where the exhaust pressure is high enough (i.e. 2–
20 bar) to be useful for industrial processes. Sometimes used to refer to a district
heat cogeneration steam turbine, too
“best available techniques”
shall mean the most effective and advanced stage in the development of activities
and their methods of operation which indicate the practical suitability of particu-
lar techniques for providing in principle the basis for emission limit values de-
signed to prevent and, where that is not practicable, generally to reduce emissions
and the impact on the environment as a whole:
• ‘techniques’ shall include both the technology used and the way in which the
installation is designed, built, maintained, operated and decommissioned.
• ‘available’ techniques shall mean those developed on a scale which allow
implementation in the relevant industrial sector, under economically and
technically viable conditions taking into consideration the cost and advantag-
es, whether or not the techniques are used or produced inside the Member
State in question, as long as they are reasonably accessible to the operator,
• ‘best’ shall mean most effective in achieving a high general level of protec-
tion of the environment as a whole.
In determining the best available techniques, special consideration should be giv-
en to the items listed in Annex IV (see below; IPPC Directive)
(Short form interpretation: BAT means Best commercially Available Technique not
entailing excessive cost)
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“biomass”
The European Parliament and the Council have approved the joint text defining
that the plants when treating only the following wastes, shall be excluded from
the scope of the Directive on the Incineration of Waste:
(i) vegetable waste from agriculture and forestry,
(ii) vegetable waste from the food processing industry, if the heat generated is
recovered,
(iii) fibrous vegetable waste from virgin pulp and paper production, if it is co-
incinerated at the place of production and the heat generated is recovered,
(iv) wood waste with the exception of wood waste that may contain halogenat-
ed organic compounds or heavy metals as a result of treatment with wood-
preservatives or coating, and which includes in particular such wood waste
originating from construction and demolition waste,
(v) cork waste,
The proposal for revision of EU Directive 88/609/EEC (LPC Directive) defines bio-
mass as “products consisting of any whole or part of a vegetable matter from agri-
culture or forestry, which can be used as a fuel for the purpose of recovering its
energy content as well as the following waste used as a fuel:
• vegetable waste from agriculture and forestry;
• vegetable waste from the food processing industry;
• vegetable waste from virgin pulp production and from production of paper
from pulp;
• cork waste;
• wood waste with the exception of waste which may contain halogenated
organic compounds or heavy metals as a result of treatment with wood pre-
servatives or coating, and which includes in particular such wood waste from
building and demolition waste”
“cogeneration”
simultaneous generation of power and useful heat (e.g. steam, hot water), also
known as Combined Heat and Power generation (CHP). In cogeneration power
plant the heat rejected from the process (e.g. in a DH condenser or an industrial
process consuming steam) is recovered in high enough temperature (70 -200 °C)
to be of economic value, as opposed to the condensing power plant (see defini-
tion)
“combined cycle gas turbine power plant”
a power plant, where fuel (gas; LFO) is combusted in a gas turbine, hot gas tur-
bine exhaust gas is used to generate steam, which is subsequently expanded in a
steam turbine to generate power. A CCGT plant.
“condensing (power) plant”
a power plant including a steam turbine, where the exhaust steam is condensed
in the lowest available temperature (15–45 °C) for highest possible power genera-
tion efficiency. The ultimate heat sink of a condensing plant is ambient air or wa-
ter. The heat of condensation has no economic value because of its low tempera-
ture, as opposed to the cogeneration power plant (see definition)
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“combustion plant”
any technical apparatus in which fuels are oxidised in order to use heat thus gen-
erated (e.g. boilers; gas turbines)
“large combustion plant”
any combustion plant, the rated thermal input of which is equal or greater the 50
MW, irrespective of the type of fuel used.
“Sevilla process”
refers to the EU work on BREF reporting undertaken in Sevilla by the European
Integrated Pollution Prevention and Contol Bureau.
“supplementary firing”
combustion on fuel (gas; LFO) in the gas turbine exhaust gas stream to increase
its temperature before a HRSG in order to increase HRSG steam generation.
Annex IV of the IPPC directive
“Considerations to be taken into account generally or in specific cases when de-
termining best available techniques, as defined in Article 2(11), bearing in mind the
likely costs and benefits of a measure and the principles of precaution and preven-
tion:
• the use of low waste technology;
• the use of less hazardous substances;
• the furthering of recovery and recycling of substances generated an used in
the process and of waste, where appropriate;
• comparable processes, facilities or methods of operation which have been
tried with success on an industrial scale;
• technological advances and changes in scientific knowledge and understand-
ing;
• the nature, effects and volume of emissions concerned;
• the commissioning dates for new or existing installations;
• the length of time needed to introduce the best available technique;
• the consumption and nature of raw materials (including water) used in the
process and their energy efficiency;
• the need to prevent or reduce to a minimum the overall impact of the emis-
sions on the environment and the risks to it;
• the need to prevent accidents and to minimise the consequences for the en-
vironment;
• the information published by the Commission pursuant to Article 16(2) or by
international organisations.”
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Appendix 1. Selected Finnish Energy Statistics.
Table 1. Primary energy sources in Finland 1998.
GWh TJ Mtoe1
Non-fuel electricity:
Nuclear Power 20 976 75 514 1.80/5.15
Hydro Power 14 777 53 197 1.27/3.63
Wind Power 23 83 0.00/0.01
Net Imports of Electricity 9 306 33 502 0.80/2.29
Primary fuels:
Coal 3 923 000 t 102 390 2.45
Coke imports 468 000 t 13 151 0.31
Oil Fuels 10 017 000 t 410 700 9.96
Natural Gas 3 889 Mm3n 141 171 3.37
Peat Fuel 7 558 000 t 87 295 2.09
Wood Fuels 112 631 TJ 112 631 2.69
Black liquor 11 569 000 tds 156 182 3.73
Reaction Heat of Industry 6 507 TJ 6 507 0.16
Municipal Solid Waste 1 900 TJ 1 900 0.05
Converted fuels:
Coke produced 931 000 t 26 161 0.62
Blast furnace and coke oven gas 4 937 Mm3n 24 404 0.58
Source Energiatilastot 1999.
1) a/b: a = direct conversion; b= converted at a computational power generation efficiency of 35%
Table 2. Electricity supply in Finland 1998.
Share % Electricity TWh Fuels used PJ Generation efficiency %1
Conventional condensing 8.3 6.31 65.32 35
Peaking turbines 0.0 0.01 0.16
Nuclear condensing 27.6 20.98 228.8 33
Hydro 19.5 14.78
Wind 0.1 0.08
Subtotal 55 41.46
DH cogeneration 17.4 13.25 59.18 81
Ind. cogeneration 15.8 11.98 58.38 74
Cogeneration total 33 25.23
Imports 12.3 9.31
Total generation 100 76.0
Source: Energiatilastot 1999
1) Annual average
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Table 3. Use of LCP fuels in Finland 1998, Mtoe.
Steam Natural Peat Wood & Oil Other Sum of Black
coal  gas wood waste1 products fuels2  fuels liquor3
Primary energy in energy conversion
Cond. Power 0.98 0.05 0.40 0.07 0.05 – 1.55 –
DH cogeneration 1.19 1.34 0.79 0.35 0.09 – 3.76 –
Industrial cogener. 0.774 1.104 0.544 1.084 0.704 0.244 4.43 3.234
DH / heat only 0.06 0.15 0.08 0.26 0.23 – 0.78 –
Ind. HOB 0.104 0.294 0.034 0.054 0.404 0.304 1.07 –
Subtotal 1 3.10 2.93 1.84 1.81 1.47 0.54 11.59 3.23
Estimated LCP fuels 3.14 2.94 1.84 1.74 1.34 0.54 11.44
Other fuel consumption
Other ind. use 0.505 0.304 – – 0.404 0.334 1.53
Separate heating 0.00 0.05 0.01 1.026 1.37 – 2.45
Transportation – 0.02 – – 4.19 – 4.21
Balance – 0.14 0.02 0.06 3.217 – 3.49
Subtotal other 0.50 0.51 0.03 1.08 9.17 0.33 11.62
Grand total 3.60 3.44 1.87 2.89 10.64 0.87 23.21
Sources: Energiatilastot 1999, Kaukolämpötilasto 1999
1) Includes firewood; LCP fuels bark, sawdust, forestry residue and other combustible biomass from pulp & paper industry, excluding black liquor
2) Includes coke oven gas & blast furnace gas 0.58 Mtoe; oil refinery gases 0.046 Mtoe; LPG 0.24 Mtoe
3) Black liquor from kraft pulping process burned in black liquor recovery boilers for cooking chemicals and heat recovery, not a LCP fuel
4) Distribution of industrial fuels between cogeneration, heat only boilers and other industrial uses estimated by the author
5) Coke and coking coal
6) Includes also kitchen stoves
7) Including use as feedstock (1.09 Mtoe) and statistical error (1.03 Mtoe)
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Appendix 2. Large Combustion Plants in Finland.
Large combustion plant = boiler of gas turbine with fuel input exceeding 50 MW (LHV)
Table 1. Summary of large combustion plants in Finland.
MW fuel input
Condensing plant 7 619
Condensing / DH extraction plant 1 555
DH cogeneration plant 9 811
Industrial cogeneration plant1 10 116
DH heat only boilers 1 470
Totals 30 570 MW
1) Includes the reserve and peaking capacity & industrial HOB
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Table 2. Large combustion plants in Finland.
Boiler or GT plant name and location Nominal fuel input MW Main fuels Plant type
Combustion and pollution abatement techniques
1. Condensing power plants 7 619 MWfuel
Fortum Power and Heat Oy Meri-Pori / Pori
PF with wet FGD and SCR 1300.0 Coal Condensing
Fortum Power and Heat Oy, Inkoo
PF with wet FGD 650.0 Coal Condensing
PF with wet FGD 650.0 Coal Condensing
PF with dry injection (LIFAC)2 650.0 Coal Condensing
PF with dry injection (LIFAC)2 650.0 Coal Condensing
Fortum Power and Heat Oy, Haapavesi
PF with peat dryer mills’ exit gas scrubbing. 390.0 Peat Condensing
Fortum Power and Heat Oy, Kokkola
Atomising burners 165.0 HFO Condensing
Atomising burners 200.0 HFO Condensing
CFB with limestone injection (with coal) 108.0 Peat, Coal Ind & DH cogeneration
PVO Lämpövoima Oy, Kristiina
PF with wet FGD 605.0 Coal Condensing
Atomising burners 561.0 HFO Condensing
PVO Lämpövoima Oy, Tahkoluoto / Pori
PF with wet FGD 570.0 Coal Condensing
Mussalon Voima Oy, Mussalo / Kotka
Atomising burners 400.0 Natural gas, HFO Condensing with DH extraction
PF, ESP, LowNOx 200.0 Coal DH extraction with cond. tail
GT dry LowNox 195.0 Natural gas CCGT1
Vaskiluodon Voima Oy, Seinäjoki
CFBC 325.0 Peat Condensing with DH extraction
2. District heating / condensing power plants 1 555 MWfuel
Lahden Lämpövoima Oy, Kymijärvi / Lahti
PF with natural gas reburning 360.0 Coal, Natural gas DH cogener. with cond. tail.
GT dry LowNox1 150.0 Natural gas GT DH cogener.
Vaskiluodon Voima Oy, Vaasa
PF with wet FGD 615.0 Coal Condensing with DH extraction
Atomising burners 430.0 HFO Condensing with DH extraction
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3. District heating power plants 9 811 MWfuel
Helsingin Energia, Vuosaari
GT dry LowNox 487.0 Natural gas CCGT DH cogener.
GT dry LowNox 487.0 Natural gas CCGT DH cogener.
GT dry LowNox 178.0 Natural gas CCGT DH cogener.
GT dry LowNox 178.0 Natural gas CCGT DH cogener.
Helsingin Energia, Hanasaari B
PF with semi-dry FGD 363.0 Coal DH cogeneration
PF with semi-dry FGD 363.0 Coal DH cogeneration
56.0 HFO DH HOB
Helsingin Energia, Salmisaari / Helsinki
PF with semi-dry FGD 510.0 Coal DH cogeneration
187.0 Coal DH HOB
133.0 DH HOB
Helsingin Energia, Hanasaari A / Helsinki
PF2 263.0 Coal DH cogener. with cond. tail
PF2 219.0 Coal DH cogener. with cond. tail
Fortum Power & Heat Oy, Naantali
PF with wet FGD 315.0 Coal DH cogeneration
PF with wet FGD 315.0 Coal DH cogeneration
PF 315.0 Coal Condensing
Fortum Power and Heat Oy, Joensuu
PF with peatfryer originally; retofit to BFBC 197.0 Peat, Biomass DH cogener. with cond. tail
Fortum Power and Heat Oy, Hämeenlinna
170.0 Natural gas, HFO DH HOB
GT / water spray 145.0 Natural gas CCGT DH cogener.
130.0 Biomass, Peat DH cogeneration
70.0 Biomass DH cogeneration
Kouvolan Seudun Sähkö Oy, Hinkismäki / Kouvola
GT / water spray 145.0 Natural gas DH cogeneration
Fortum Power and Heat Oy, Sahanmäki / Hyvinkää
GT / steam spray 130.0 Natural gas DH cogeneration
Tampereen Sähkölaitos, Lielahti / Tampere
GT / steam spray dry LowNOx 168.0 Natural gas DH cogeneration
GT / steam spray dry LowNOx 168.0 Natural gas DH cogeneration
Tampereen Sähkölaitos, Naistenlahti / Tampere
BFBC 200.0 Peat, Biomass DH cogeneration
Rebuilt to HRSG 165.0 Peat, Biomass DH cogeneration
GT LowNox 3 297.0 Natural gas CCGT DH cogeneration
Boiler or G T plant name and location Nominal fuel input MW Main fuels Plant type
Combustion and pollution abatement techniques
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Espoon Sähkö Oyj, Suomenoja / Espoo
PF with semi-dry FGD 265.0 Coal DH cogeneration
GT dry LowNox 167.0 Natural gas GT DH cogeneration
CFBC 89.0 Coal DH HOB
Vantaan Energia Oy, Martinlaakso / Vantaa
PF with semi-dry FGD 230.0 Coal DH cogeneration
Atomising burners 196.0 HFO DH cogeneration
GT dry LowNox 220.0 Natural gas CCGT DH cogeneration
Oulun Energia, Toppila / Oulu
CFBC 315.0 Peat DH cogener. with cond. tail
PF 267.0 Peat DH cogeneration
51.0 HFO DH cogeneration
51.0 HFO DH cogeneration
Jyväskylän Energiantuotanto Oy, Rauhalahti / Jyväskylä
PF originally; retrofitted to BFBC 295.0  Peat, Biomass DH & Ind. cogeneration
Atomising burners 66.5  HFO Ind. HOB
Kuopion Energia, Haapaniemi / Kuopio
PF 245.0 Peat DH cogeneration
PF 131.0 Peat DH cogeneration
Lappeenrannan Lämpövoima Oy, Mertaniemi / Lappeenranta
GT / steam spray; supplementary firing 200.0 Natural gas CCGT DH cogeneration
GT / steam spray; supplementary firing 200.0 Natural gas CCGT DH cogeneration
120.0 Natural gas, HFO DH HOB
Turku Energia Oy, Linnankatu / Turku
PF 100.0 Coal CCGT DH cogeneration
Rovaniemen Energia, Suosiola / Rovaniemi
CFBC 98.0 Peat, Biomass DH cogeneration
Etelä-Savon Energia Oy, Pursiala / Mikkeli
BFBC 84.0 Peat DH cogeneration
Forssan Energia Oy, Kiimassuo / Forssa
BFBC 66.0 Biomass, Peat DH cogeneration
4. Industrial power and steam plants4 10 116 MWfuel
Oulu Voima Oy, Oulu
BFB 280.0 Biomass, Peat Industrial cogeneration
Sloping grate 163.0 Peat, Biomass Industrial cogeneration
60.0 HFO Industrial cogeneration
Veitsiluodon Voima Oy, Kemi
BFBC 276.0 Biomass, Peat Industrial cogeneration
Atomising burners 193.0 HFO Industrial cogeneration
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Oy Metsä-Botnia Ab, Kemi
BFBC 115.0 Biomass Industrial cogeneration
Atomising burners 115.0 HFO Industrial cogeneration
Oy Metsä-Botnia Ab, Kaskinen
Sloping grate 87.9 Biomass Industrial cogeneration
Oy Metsä-Botnia Ab, Joutseno
Sloping grate 70.0 Biomass Industrial cogeneration
Metsä-Serla Oyj, Simpele
BFBC, ESP 113.0 Peat, Biomass Industrial cogeneration
60.0 HFO Industrial cogeneration
Metsä-Serla Oyj, Äänekoski
Atomising burners 96.0 HFO Industrial cogeneration
BFBC 76.0 Biomass Industrial cogeneration
Metsä-Serla Savon Sellu Oy, Kuopio
90,3 Biomass, Peat Industrial cogeneration
Metsä-Serla Oyj, Tako / Tampere
68.0 Natural gas Industrial cogeneration
Metsä-Serla Oyj, Lielahti / Tampere
BFBC 64.0 Biomass, Natural gas Industrial cogeneration
54.0 HFO Industrial cogeneration
Mäntän Energia Oy, Mänttä
PF 124.0 Biomass, Peat Ind. & DH cogeneration
BFBC 105.0 Biomass, Peat Ind. & DH cogeneration
Kyro Power Oy, Hämeenkyrö
GT dry LowNox 186.0 Natural gas CCGT ind. cogeneration
Sloping grate 73.0 Biomass Industrial cogeneration
Stora Enso Oyj, Varkaus
CFBC 150.0 Biomass, Peat Industrial cogeneration
CFBC 150.0 Biomass, Peat Industrial cogeneration
Atomising burners 75.0 HFO Industrial cogeneration
Stora Enso Oyj, Heinola
BFBC 120.0 Biomass, Peat Industrial cogeneration
75.0 HFO Industrial cogeneration
Stora Enso Oyj, Imatra
BFBC, ESP 200.0 Biomass, Peat Industrial cogeneration
3 x 50 Natural gas, HFO Industrial cogeneration
110.0 Natural gas, HFO Industrial cogeneration
Boiler or G T plant name and location Nominal fuel input MW Main fuels Plant type
Combustion and pollution abatement techniques
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Stora Enso Oyj, Anjalankoski
BFBC, ESP 218.0 Biomass, Peat Industrial cogeneration
GT with dry LowNox 140.0 Natural gas CCGT ind. cogeneration
56.0 Natural gas, HFO Industrial cogeneration
Stora Enso Publication Papers Oy Ltd, Summa / Hamina
BFBC, ESP 175.0 Gas, Biomass, Peat Industrial cogeneration
Traveling grate, ESP 65.0 Biomass, Coal Industrial cogeneration
Stora Enso Oyj, Kotka
GT with dry LowNox 172.0 Natural gas CCGT ind. cogeneration
Kainuun Voima Oy, Kajaani
CFBC 260.0 Peat, Biomass Ind. & DH cogeneration
Oy Ahlholmens Kraft
CFBC with limestone injection 3) 580 Biomass, Peat, Coal Industrial cogeneration
UPM-Kymmene Oy, Jakobstad
BFBC, ESP 155.0 Biomass Industrial cogeneration
75.0 HFO
UPM-Kymmene Oyj, Kaipola
CFBC 115.0 Peat, Biomass Industrial cogeneration
Atomising burners 98.0 HFO Industrial cogeneration
UPM-Kymmene Oyj, Jämsänkoski
BFBC 71.0 Biomass, Peat Industrial cogeneration
BFBC 62.0 Peat, Biomass Industrial cogeneration
Atomising burners 60.0 HFO Industrial cogeneration
UPM-Kymmene Oyj, Kaukas / Lappeenranta
BFBC LowNOx, ESP 129.0 Biomass Industrial cogeneration
GT 125.0 Natural gas GT Ind. cogeneration
Traveling grate, ESP, scrupper 70.0 Biomass Industrial cogeneration
UPM-Kymmene Oyj, Rauma
CFBC, ESP, scrupper 160.0 Biomass, Peat Industrial cogeneration
Atomising burners, LowNOx 96.0 HFO Industrial cogeneration
BFBC 60.0 HFO Industrial cogeneration
Porin Lämpövoima Oy, Aittaluoto
BFBC, ESP 112.0 Peat, Biomass Industrial cogeneration
BFBC, ESP 90.0 Biomass, Peat Industrial cogeneration
Kymi Paper Oy, Kuusankoski
BFBC, LowNOx, ESP 117.0 Biomass Industrial cogeneration
103.0 Natural gas Industrial cogeneration
PF 89.0 Natural gas, HFO, Coal Industrial cogeneration
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APPENDIX 2/7
UPM-Kymmene Oyj, Voikkaa
BFBC, LowNOx, ESP, scrupper 103.0 Biomass Industrial cogeneration
85.0 Natural gas, HFO Industrial cogeneration
70.0 Biomass Industrial cogeneration
UPM-Kymmene Oyj, Tervasaari
90.0 Natural gas, HFO Industrial cogeneration
BFBC 78.0 Biomass Industrial cogeneration
Fortum Power and Heat Oy, Kauttua / Eura
CFBC, ESP 65.0 Biomass, Coal Industrial cogeneration
Fortum Power and Heat Oy, Kirkniemi / Lohja
GT dry LowNox 211.0 Natural gas CCGT ind. cogeneration
Travelling grate 66.7 Biomass, coal Industrial cogeneration
Fortum Power and Heat Oy, Uimaharju / Eno
BFBC 104.0 Biomass Ind. cogeneration with cond. tail
Fortum Oil and Gas Oy, Sköldvik
211.0 HFO Industrial cogeneration
165.0 HFO Industrial cogeneration
GT dry LowNox 130.0 Gas Industrial cogeneration
GT dry LowNox 130.0 Gas Industrial cogeneration
Fortum Oil and Gas Oy, Naantali
Atomising burrners 120.0 HFO Industrial cogeneration
Atomising burrners 126.0 HFO Industrial cogeneration
Atomising burrners 58.0 HFO Industrial cogeneration
Nokian Lämpövoima Oy, Nokia
125.0 Biomass Industrial cogeneration
GT dry LowNox 180.0 Natural gas CCGT ind. & DH cogeneration
75.0 Natural gas, HFO Industrial cogeneration
125.0 Natural gas Industrial cogeneration
Myllykoski Paper Oy
106.0 Natural gas Industrial cogeneration
PF, grate, ESP 104.0 Biomass, HFO, Coal Industrial cogeneration
Traveling grate 57.0 Coal Industrial cogeneration
Sunila Oy
Sloping grate 83.0 Biomass Industrial cogeneration
Porvoon Energia Oy, Tolkkinen / Porvoon mlk
Traveling grate 72.0 Biomass Ind. & DH cogeneration
Kemira Chemicals Oy, Oulu
BFBC 63.0 Peat, Biomass Industrial cogeneration
63.0 HFO Industrial cogeneration
Boiler or G T plant name and location Nominal fuel input MW Main fuels Plant type
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Kemira Pigments Oy, Pori
CFBC, ESP 87.0 Coal Industrial cogeneration
Rautaruukki Oyj, Raahe
135.0 BFG, COG5 Cond. with ind. steam extraction
160.0 BFG, COG5 Cond. with ind. steam extraction
Fundia Wire Oy/Ab, Koverhar
66.0 BFG5 Industrial cogeneration
5. DH heat only boilers 1 470 MWfuel
Helsingin Energia, Munkkisaari / Helsinki
Atomising burners 63.5 HFO DH HOB
Atomising burners 63.5 HFO DH HOB
Atomising burners 63.5 HFO DH HOB
Atomising burners 63.5 HFO DH HOB
Helsingin Energia, Lassila / Helsinki
Atomising burners 133.0 HFO DH HOB
Atomising burners 133.0 HFO DH HOB
Helsingin Energia, Myllypuro / Helsinki
Atomising burners 133.0 HFO DH HOB
Atomising burners 133.0 HFO DH HOB
Helsingin Energia, Ruskeasuo / Helsinki
Atomising burners 75.0 HFO DH HOB
Atomising burners 75.0 HFO DH HOB
Atomising burners 75.0 HFO DH HOB
Atomising burners 75.0 HFO DH HOB
Tampereen Sähkölaitos, Naistenlahti / Tampere
Atomising burners 52.0 HFO DH HOB
Atomising burners 52.0 HFO DH HOB
Espoon Sähkö Oyj, Kivenlahti / Espoo
Atomising burners 52.0 HFO DH HOB
Atomising burners 52.0 HFO DH HOB
Vaasan Sähkö Oy, Vaasa
Atomising burners 57.0 HFO DH HOB
Fortum Power and Heat Oy, Hämeenlinna
Atomising burners 59.0 HFO DH HOB
Lahti Energia, Teivaanmäki / Lahti
Atomising burners 60.0 HFO DH HOB
Sources: West Finland Regional Environment Centre (plant names and fuel input) and Fortum Engineering Ltd (other information)
1) Retrofitted to existing steam plants to a create a combined cycle 2) Mothballed 3) Under construction or commissioning 4) Industrial plants include also several
reserve and mothballed units 5) BFG = Blast furnace gas; COG = Coke oven gas
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Appendix 3. Trace Metals in Fuels
Table 1. Trace metal concentrations in different fuels (mg/MJfuel) 1.
mg/MJfuel As Cd Cr Cu Hg
Coal 0.14 0.0152 0.38 0.45 0.0034
Fuel oil 0.041 – 0.0097–0.012 <0.0024 <0.00012
Peat 0.063–0.12 0.00393 0.020–0.073 0.54 0.0032–0.0037
Wood 0.0005–0.021 0.005–1.14 0.045 0.028–0.12 0.001–0.009
Bark5 0.003–0.014 <0.010–0.021 0.051–1.03 0.15–0.36 0.0005–0.0021
Black liquor6 0.047 0.025 <0.092 – <0.0077
Forest industry sludges
De-inking sludge7 <0.69 <0.007–0.10 33–40 25–87 <0.077
Biological sludge5 0.21–0.42 0.38–2.2 7.9–29 3.3–7.1 0.017–0.42
mg/MJfuel Ni Pb V Zn
Coal 0.38 0.45 0.83 0.9
Fuel oil 0.73–1.2 0.049–0.073 2.7–4.2 0.19
Peat 0.32 0.044–0.18 0.24–1.6 1.1
Wood 0.029 0.05–0.65 0.095 0.31–5.9
Bark5 <0.0027–0.046 0.10–0.21 – 4.8–8.2
Black liquor6 0.12 0.029 1.68 –
Forest industry sludges
De-inking sludge7 16–86 0.41–1.9 0.86–2.2 35–50
Biological sludge5 3.8–12 2.1–4.6 – 83–104
References in Table 1:
1) Raiko, R., Kurki-Suonio, I., Saastamoinen, J. & Hupa, M., Poltto ja palaminen, Gummerus
Kirjapaino Oy, Jyväskylä 1995, 629 pp.
2) Helble, J. J, Air Toxics in Combustion and Gasification Systems: Formation and Removal,
in High temperature gas cleaning, R. Schmidt et al., (Eds.), Karlsruhe 1996, pp. 367-
382.
3) Wahlström, M. & Pihlajaniemi, M., Sekapolton vaikutus turvevoimalaitoksen ainevir-
toihin, Osa 2 Tuhkan sijoituskelpoisuus, Tekes-ohjelma SIHTI 2 projekti 516 T, Espoo
1998, VTT Kemiantekniikka, Ympäristötekniikka, 21 pp.
4) Isännäinen, S., Metsäteollisuuden jätejäkeet ja niiden hyötykäyttö, esitelmä, Metsäteolli-
suuden jätehuolto, Vantaa 13-14.12.1994, Metsäteollisuuden koulutuskeskus.
5) Välttilä, O., Biolietteen poltto, Vesi- ja ympäristöhallituksen julkaisuja sarja A 32, SYTYKE
5, Valtion painatuskeskus, Helsinki 1993, 62 pp.
6) Olin, M., Flow of elemental metals in a kraft pulp mill, Tekes-program SIHTI 2, Energy
and Environmental Technology, Final report 1993-1998, Thun, R. (Eds.) Espoo 1999,
pp. 285-291.
7) Raitio, L., Siistausprosessin ympäristökuormitus, Vesi- ja ympäristöhallituksen julkaisuja
sarja A 103, SYTYKE 9, Valtion painatuskeskus, Helsinki 1992, 141 pp.
8) Olin, M., Haitallisten metallien ainevirrat sulfaattiselluloosan valmistuksessa, SIHTI 2 pro-
jekti 209T, VTT Symposium 170, SIHTI 2, Energia- ja ympäristöteknologia, Tutkimus-
ohjelman vuosikirja 1996, Thun, R. et al. (Eds.), V
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Appendix 4. Selected finnish emission statistics
Contents:
1. Atmospheric gaseous emissions in 1998
2. Development of gaseous atmospheric emissions 1970–1998
3. Amospheric emissions of particles and heavy metals 1998
4. Solid waste from large combustion plants
References
1 Atmospheric gaseous emissions in 1998
Table 1. Atmospheric emissions in 1998 /1, p. 136/.
SO2 NO2 CO2
1 000 t % 1 000 t % Mt %
Power plants and boilers
Hard Coal 18.9 21 17.8 7.1 8.9 10
Peat 14.8 17 11.8 4.7 8.4 9.9
Heavy Fuel Oil 17.9 20 5.8 2.3 3.1 3.7
Light Fuel Oil 1.9 2.1 5.9 2.3 5.6 6.6
Natural gas – – 9.0 3.6 7.1 8.4
Wood and bark – – 10.0 4.0 13.6 16
Other 2.4 2.7 2.5 1.0 2.5 1.0
Total 55.9 62 62.8 25 47.3 56
Industrial processes
Forest industry, fossil fuels 9.7 11 11.5 4.6 0.9 1.1
Forest industry, non-fossil fuels 1 1 14.0 16
Metal industry 7.5 8.4 3.0 1.2 5.5 6.5
Oil refining 3.6 4.0 2.8 1.1 1.7 2.0
Other chemical industry 8.1 9.0 1.5 0.6 0.9 1.1
Other 2.3 2.6 4.1 1.6 1.1 1.3
Total 31.2 35 22.9 9.1 24.1 28
Traffic and working machinery 2.5 2.8 166.3 66 13.7 16
Total 89.6 100 252 100 84.9 100
1) SO2 and NO2 included in fossil fuel emissions
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Figure 3. SO2-emissions of electricity production in Finland in 1970-1997 (kton) /3, p.34/.
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2. Development of gaseous atmospheric emissions 1970–1998
Figure 2. NOx-emissions of electricity production in Finland in 1970-1997 (kton) /3, p. 34/.
Figure 1. CO2-emissions of electricity production in Finland in 1970-1997 (Mton) /3, p.34/.
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3 Atmospheric emissions of particulates and heavy metals 1998
Table 2. Particulate emissions in 1998 /1, p. 139/.
1 000 t % of total emissions
Power plants and boilers
Wood and bark 21.6 43
Coal 1.3 2.6
Peat 1.3 2.6
Oil 1.9 3.8
Other 2.1 4.2
Total 28.2 56
Industrial processes
Forest industry 5.5 11
Metal industry 3.0 6.0
Oil refining 0.6 1.2
Other chemical industry 1.1 2.2
Other 1.7 3.4
Total 11.9 24
Traffic and working machinery 10.2 20
Total 50.3 100
Table 3. Heavy metal emissions of energy production in Finland in 1997 (in tons)/5/.
As Cd Cr Cu Hg Ni Pb V Zn
Electricity and 0.65 0.12 1.18 0.12 0.3 3.68 1.40 6.60 4.54
heat production
(% of total emissions) (5) (11) (6) (0.2) (48) (13) (8) (14) (6)
Electricity and heat 0.26 0.23 0.42 0.53 0.03 5.39 1.29 16.0 0.77
production of service s
ector, communities and
households
Industrial fuel 0.30 0.37 2.09 0.43 0.15 9.92 6.59 23.3 2.02
consumption
Other sources 11.0 0.39 16.8 71.2 0.14 8.80 9.24 0.44 62.9
Total 12.2 1.11 20.5 72.3 0.62 27.8 18.5 46.8 70.2
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4. Solid wastes from large combustion plants
Table 4. Amounts and utilisation rates of coal ashes and bottom slag /2, p.54, 3, p.32/.
Ash amount/t Utilisation rate/%
Total ash in 1998 421 397 87
Fly ash amount in 1997 573 593 84
Bottom ash and bottom slags in 1997 139 452 78
Table 5. Amounts and utilisation rates of peat ashes and bottom slag /2, p.54, 3, p.32/.
Ash amount/t Utilisation rate/%
Total ash in 1998 198 444 49
Fly ash amount in 1997 155 008 71
Bottom ash and bottom slag in 1997 24 808 71
Table 6. Amounts and utilisation rates of the FGD by-products /2, p.54/.
Amount / t Utilisation rate/%
Semi-dry FGD 46 727 51
Wet FGD (gypsum) in 1998 65 553 1501
Wet FGD (gypsum) in 1997 173 004 97
1) Consumption exceeded production
APPENDIX 4/4
135The Finnish Environment 458 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
Table 7. Emission limits in EU and Finland (October 2000).
New coal fired boilers New biomass boilers 4 New oil fired boilers.
mg/m3n. dry 6% O2 mg/m3n. dry 6% O2 mg/m3n. dry 3% O2
Emission / boiler EEC1 EU Finland EEC1 EU Finland EEC1 EU Finland
size in MWth new 2  current new 2  current new 2  current
SO23 S-cont.
50-100 2,000 850 660 2000 200 350 1,700 850HFO < 1 %
100-300 ->400 ->200 ->400 ->400 200 350 ->400 ->200LFO < 0,2 %
300- -> 400 200 400 200 350 400 200
N023
50-100 650 400 430 650 400 375 450 400 430
100-200 650 300 140 650 300 375 450 300 285
300 - -> 650 200 140 650 200 125 450 200 180
Dust3
50-100 100 50 50 100 50 50 50 50 50
100-200 100 30 50 100 30 50 50 30 50
300 - -> 50 30 30 50 30 30 50 30 30
New natural gas boilers New gas turbines/gas New gas turbines/LFO
mn/m3n. dry 3 % O2 mg/m3n. dry 15 % O2 mg/m3n dry 15 %O2
Emission/boiler EEC1 EU Finland EEC1 EU Finland EEC1 EU Finland
size in MWth new2  current new2  current new2  current
N023
50-100 350 150 180 – 505 70 – 120 175
100-200 350 150 180 – 505 70 – 120 175
300 - -> 350 100 180 – 505 70 – 120 70
1) Current LCP directive 88/609/EEC
2) New LCP directive proposal by the Council; under preparation
3) The size limits given are for simplicity those of the new LPC directive under preparation; the limits are slightly different for the
others: EEC: 50–100–500 MW; Finland: 50–100/150–300 MW depending on the case. Rules for determination of the
pollutant content also differ slightly from each other. The table is not an accurate representation of the regulations, but they
allow a simple and reasonably fair comparison to be made.
4) Wood, wood residues and peat included in Finland
Sources: Directive 88/609 EEC; Working document ENV/99/112 Proposal for a Directive amending Directive 88/609/EEC;
5) For open cycle gas turbines; 75 mg/Nm3 for CCGT plants with an efficiency over 55 % (LHV) and cogeneration plants with
an efficiencey over 75 %.
References in Tables 2 to 6:
/1/ Energy Statistics 1998, Statistics Finland, Energy 1999:2, Helsinki 1999, 144 pp.
/2/ Electricity and district heating in 1998, (Internet document), Available: www.energia.fi/
sahko/saka98.pdf, (21.2.2000))
/3/ Energy and environment 1998, (Internet document), Finnish Energy Industries Federa-
tion Finergy, Available:www.energia.fi/finergy, (21.2.2000)
/4/ Valli, A., Meri-Pori Power Plant, Notice 22.2.2000.
/5/ Ympäristön tila, (Internet document), Ympäristöministeriö, Ympäristöhallinto, Available:
www.vyh.fi/tila/ilma/paastot/paastot.htm, (22.2.2000)
/6/ Raiko, R., Kurki-Suonio, I., Saastamoinen, J. & Hupa, M., Poltto ja palaminen, Gummerus
Kirjapaino Oy, Jyväskylä 1995, 629 pp.
/7/ Raakaenergialähteet 1998, (Internet document), Available: www.energia.fi/sahko/
alahank.html, (28.2.2000)
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Appendix 5. Emission Monitoring
Continuously operating emission measuring can be categorised for example ac-
cording to the measuring principle to sample taking (extractive and diluting) and
to in situ methods, like through the duct or sensor in the duct. Another way of
categorising is by the measurement principle of the instrument, like ultraviolet,
infrared, chemiluminescence, FTIR (Fourier Transform Infra Red), electro-chemi-
cal, FTIR is a method suitable for calibration measurements, while the others can
also be used in routine measurements.
Emissions can be monitored by continuously measuring systems, as men-
tioned above, or by calculating indirectly from the process parameters. There ex-
ists many uncertainties in monitoring of the emissions, and when the quality and
properties of fuel varies more problems may occur. Proper emissions measuring
by using continuous and well-proven methods is therefore necessary when the
real level of the emissions needs to be found out and the environmental burden
of each power plant is assessed. The main reasons causing uncertainties in emis-
sion monitoring are
• incorrect sampling from large gas ducts causing the measured values to be
not representative or the true situation
• changes in fuel properties, especially when emissions are calculated based on
a few fuel analysis results
• rapid increase in some pollutant concentration may cause damage to the
analyser and the results become unreliable
• unknown variations in the flue gas water vapour content of the flue gas, if it
has to be taken into account
• maintenance and calibration of the analysers. Annual parallel measurements
can be made by an external consultant to ensure the condition of the meas-
uring system
• leakages in flue gas ducts cause unstable pollutant contents in different parts
inside the duct.
The emission levels are often reported in locally agreed units. If the emission lev-
els between different plants needs to be compared, the pollutant have to be report-
ed in same units. In Finland emissions are usually reported as mg/MJ. The conver-
sion factors are presented in the table below.
Table 1. Emission unit conversion factors.
To convert To →(multiply by)
From mg/m3 g/GJ
coal peat wood oil gas gas turbine
ppm SO2 2.93 1.03 1.14 1.11 0.82 0.82 2.49
NO2 2.05 0.72 0.80 0.78 0.57 0.57 1.74
CO 1.25 0.44 0.49 0.48 0.35 0.35 1.06
Solid fuels: dry flue gas, O2 content 6 vol-%. Oil/gas boilers: dry flue gas, O2 content 3 vol-%.
Gas turbines: dry flue gas, O2 content 15 vol-%.
–>
APPENDIX 5
137The Finnish Environment 458 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
Appendix 6. Examples of LCP Plants
In this Appendix the BAT applications are illustrated by way of examples. Four
cases of recent Finnish FBC installations are discussed briefly. In Table 1 the envi-
ronmental performance of these plants is summarised. Further details of these
FBC plants are given after the summary Table 1.
In Table 4 the environmental performance of 4 larger power plants are given
to illustrate the differences between fuels and coal plants of different ages and flue
gas cleaning techniques. The Nord-Jyllandswaerket is a Danish plant, the others
are Finnish.
The SO2 and NO2 concentrations in Tables below are converted from mg/MJ
used in Finland to mg/m3n (dry gas, 6% O2) applying the conversion factor typi-
cal to the main fuel. The conversion factors can be found in App. 5.
Wood, peat and coal fired FBC plants
Kokkola peat fired CFBC plant
The Kokkola peat and coal fired CFBC has been commissioned in 1995. It substi-
tutes for an old coal fired boiler in an existing ranged industrial and district heat-
ing cogeneration and a condensing peaking (with oil) plant. In addition to the
CFBC boiler the plant has two oil fired boilers, an extraction condensing cogen-
eration turbine and two condensing turbines. Part of the steam for the power plant
is generated in waste heat boilers in the adjacent industrial processes. This steam
(max, 17 kg/s) is superheated in the new CFBC boiler, the own generation of which
is 33 kg/s. The oil fired boilers and condensing turbines are not normally in oper-
ation.
Peat is the main fuel, which is locally available at reasonable cost. As an alter-
native fuel coal can be used. For commercial reasons the boiler has been designed
for full output and environmental compliance with both fuels. Coal contains con-
siderably more ash and sulphur than coal and determines the design of combus-
tion and flue gas cleaning equipment. As a result the environmental performance
of the plant with peat firing is exceptionally good.
Circulating fluidised bed was chosen as the combustion technique, because
in this size it was a well-established technique with a capability of burning both
coal, peat and biomass. It also allows in bed desulphurisation with low cost in com-
parison to FGD techniques.
Desulphurisation is done by limestone addition when coal is burned. Envi-
ronmental compliance with respect to the SO2 limit of 360 mg/m3n is possible in
peat firing mode without the use of limestone due to the low sulphur content of
the fuel. Experiments with the Polish coal with ca. 1 % sulphur have resulted in
actual SO2 emissions of 160 to 180 mg/m3n with Ca/S ration varying from 2 to 10.
The CFBC technique with appropriate combustion air distribution to the fur-
nace is in itself sufficient to keep the NO2 emission below the permitted 390 mg/
m3n, and no secondary NO2 reduction technique is applied.
The electrostatic precipitator of the Kokkola plant has been designed for an
efficiency of 99,7 % and an emission of less than 50 mg/m3n in coal combustion.
With peat with much less ash content the actual emissions have been typically
below 10 mg/m3n.
The removed bed material contains 90–93 % ash and spent bed sand, 7–10%
CaO, some CaSO4 and traces of CaCO3 and other not fully oxidised Ca-com-
pounds.
The fly ash contains 60–75% ash, 15–25% CaO, 3–7% CaSO4, and small
amounts of other Ca-compounds.
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Table 1. Summary of four FBC plants.
Kokkola a) Alholmens Kraft b)1 Forssa c) Stora Enso Oulu d)
Commissioning year 1994 2001 1996 1997
Plant type Ind. & DH Ind. & DH DH Industrial
cogeneration  cogeneration  cogeneration  cogenration
Fuels peat (coal) peat, bark, coal, REF peat, REF wood waste bark, wood, sludge
Combustion technique CFBC CFBC BFB BFB
Plant size MW/MW2 240/1601 17/48 77/143
Fuel in MWth3 109 MWth 590 MWth 70 MWth 246 MWth
Steam pressure bar 61 165 / 401 62 90
Steam temp. °C 510 545 / 545 510 525
Particles
Technique used ESP ESP ESP ESP
Particle load mg/m3n 15 000 12 000
Design efficiency % 99.7 % n.a. 99.5 %
Permit limit mg/m3n 50 30 50
Design mg/m3n 50 50 50
Measured mg/m3n <10 <10
Desulphurisation
Technique used... CFBC with CFBC with None None
...mg/m3n loading  limestone limestone
Ca/S ratio design 2.24 n.a. n.a.
Design efficiency % n.a.
Permit limit mg/m3n 3604
Design SO2 mg/m3n 360 200 n.a. < 360
Ca/S ratio used 2–10 n.a.
Measured mg/m3n 360–180 <10
End product See text
Nitrogen oxides
Primary methods CFBC CFBC BFB
mg/m3n 360
Secondary methods None SNCR None None
Design efficiency % –
Permit limit mg/m3n 390 128 375
Design NO2 mg/m3n 360 128 375 < 385
Measured mg/m3n 360 310
Ammonia slip None None
Sources: a) Fortum Oyj & Foster Wheeler Energia Oy b) Alholmens Kraft Oy & Kvaerner Pulping Oy c) Foster Wheeler Energia
Oy d) Kvaerner Pulping Oy
1) With condensing tail; first industrial cogeneration plant with steam reheat
2) Power / heat MW/MW
3) Fuel input
4) No Ca addition required with low sulphur peat and biomass.
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Alholmens Kraft CFBC
The CFBC boiler of Alhomens Kraft is due for commissioning in 2001. It will basi-
cally be a part of a new unit in an existing industrial cogeneration plant in a for-
estry industry complex. Together with black liquor recovery boilers the new CFBC
boiler constitutes the main energy source for the host forest industry site, and a
part (max. 60 MW) of the heat is also used in the district heating system of the
adjacent city of Jakobstad.
As far as industrial boilers go the boiler is quite big with its 600 MW of fuel
input. In order to achieve a high power / heat ratio the plant has for an industrial
boiler an exceptionally high steam pressure of 165 bar and steam reheat, which is
the first in Finnish forestry industry applications.
The primary fuels are barking residue from the pulp mill, other wood based
residues and peat and coal as commercial fuels. The size of the boiler makes the
use of commercial fuels necessary, and the turbine of the unit is equipped with a
condensing tail to enable full power output also with low industrial steam load.
Circulating fluidised bed has been chosen as the combustion technique, be-
cause it makes possible the use of biomass, coal and other fuels simultaneously. It
also offers the possibility of simple in bed desulphurisation with limestone and
inherently low NO2 emissions.
The SO2 emission limit of the plant is 180 mg/m3n. Desulphurisation is not
needed with bark firing. With high share of coal desulphurisation in bed with
limestone becomes necessary.
The NO2 emission limit is 128 mg/m3n, which is achieved by the combination
of an appropriate air distribution to the CFBC furnace and selective noncatalytic
reduction with ammonia.
The particle emission limit is 30 mg/m3n is achieved by high efficiency elec-
trostatic precipitator. The plan calls for the removed bed material and fly ash from
the plant to be used or deposited in a landfill.
Table 2. The design fuels of Alholmens Kraft CFBC.
Sulphur1 Nitrogen1 Moisture Ash1 LHV2 Fuel3
Wood < 0.1 % 0.5 % 57 % 1.6 % 7.7 MJ/kg 1 600 GWh/a
Peat 0.3 % 2.0 % 52 % 10 % 8.7 MJ/kg 1 500 GWh/a
Coal 0.9 % 1.4 % 11 % 18 % 23.0 MJ/kg 300 GWh/a
1) Dry basis 2) As fired 3) Foreseen use
Forssa BFBC
The Forssa BFBC has been built to supply heat and power to the district heating
and power networks of the city of Forssa. The plant was commissioned in 1996,
and it is designed to use locally available biomass, REF and peat as fuel. The de-
sign fuel input to the boiler is 97 MWth. For such fuel mix and boiler size the BFBC
is the favoured choice.
Oulu BFBC
The Oulu BFBC generates ca. 40 % of the live steam in a pulp and paper mill plant,
while the remaining 60 % is generated in black liquor recovery boilers. The design
fuel input of the Oulu plant is 246 MWth. One half of the BFBC fuel consists of
barking residue mixed with some sludge and miscellaneous fibre residue. The oth-
er half is peat. For such a fuel mix BFBC has been chosen rather than CFBC, be-
cause no coal is burned and there is no desulphurisation. The plant was commis-
sioned in 1997.
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Due to the fuel mix there is neither Ca addition to the bed nor any secondary
NO2 removal. The design levels of SO2 and NO2 emissions are < 360 and < 385
mg/m3n respectively. The design CO emission is below 255 mg/m3n.
Electrostatic precipitator is used for particle collection, and the design value
of particle emission is 50 mg/m3n.
Table 3. The design fuels of Oulu BFBC.
Sulphur 1 Nitrogen1 Moisture Ash1 LHV2 Fuel3
Bark4 0.05 % 0.5 % 55 % 5 % 7.1 MJ/kg 750 GWh/a
Peat 0.2 % 2.5 % 48 % 10 % 9.5 MJ/kg 750 Gwh/a
1) Dry basis 2) As fired 3) Foreseen use 4) Incl. sludge & misc. fibres
Table 4. Coal and gas fired large power plants.
Meri-Pori a) Salmisaari B b) Vuosaari B b) Nord-Jyllands
-vaerket c)1
Plant type Condensing DH cogeneration DH cogener. CCGT Cond. with DH extraction
Commissioning year 1993 1984 1998 1998
Fuels coal coal natural gas coal
Combustion technique PF PF GT PF
Plant size MWe2 550/– 160/300 470/400 340/422
Steam pressure bar 240/46 136/– 75/7.5 285/74/19
Steam temp. °C 540/560 535 510 580/580/580
Efficiency 43.5 % 48 %
Particles
Technique used ESP ESP & baghouse 3) none required ESP
To ESP mg/m3n 4 17 500 12 000 n.a
Design efficiency % 99.6 % >99.5 % 99.9 %
Permit limit mg/m3n 57 50
Design mg/m3n < 65 50 < 50
Measured mg/m3n 4 35–65 20
Desulphurisation
Technique used… Wet Semi-dry none required FGD
…mg/m3n loading n.a n.a. 4 855
Ca/S ratio design 1.05 1.18
Design efficiency % 90 % 86 % 96 %
Permit limit mg/m3n 400 400
Design SO2 mg/m3n 400 400 190
Ca/S ratio used 1.05 1.3-1.4
Measured mg/m3n 400 n.a.4
End product gypsum mainly CaSO3 gypsum
Nitrogen oxides
Primary methods Low-NOX Low-NOX Low-NOX Low-NOX
mg/m3n 340 410 47 605
Secondary methods SCR high dust None None SCR high dust
Design efficiency % 42 %
Permit limit mg/m3n 200
Design NO2 mg/m3n 200
Measured mg/m3n < 200 < 410 < 50 < 120
Ammonia slip < 4 ppm
Sources: a) Fortum Oy b) Helsingin Energia c) Reprint from Modern Power Systems, May 1998. 1) Danish plant. With conden-
sing tail and double reheat, 411 MWe in pure condensing mode 2) Power / heat MW/MW 3) ESP preceding the spray tower,
baghouse after it 4) Varies depending on the coal quality
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Finnish Expert Report on Best available Techniques in Large Combustion Plants
Techniques for environmental protection and energy conservation are prensented for con-
ventionally fuelled large combustion plants with the fuel input in excess of 50 MW. The main
emphasis is on the reduction of the atmospheric emissions of particles, sulphur dioxide and
nitrogen oxides. Aso the techniques of noise abatement and prevention of  soil and water pol-
lution are presented.
In all important areas of environmental emissions there exist one or more established techni-
ques, which satisfy the criteria of  the best available technique (BAT) as defined in the EU
IPPC directive.
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Suomen asiantuntijaraportti parhaista käytettävissä olevista tekniikoista suurissa polttolaitok-
sissa
Raportissa esitetään menetelmiä, joilla voidaan vähentää päästöjä ja energian kulutusta yli 50
MW polttoainetehon suurissa polttolaitoksissa, jotka käyttävät tavanomaisia polttoaineita. Ra-
portin pääpaino on pölyn, rikkidiokdidin ja typen oksidien ilmaanpäästöjen vähentämisteknii-
koissa. Lisäksi käsitellään meluntorjunnan tekniikoita sekä maaperään ja vesitöihin joutuvien
päästöjen estämisen tekniikoita.
Kaikilla tärkeillä päästöjen torjunnan alueilla voidaan osoittaa yksi tai useampia vakiiintuneita
tekniikoita, jotka täyttävät EU:n IPPC direktiivin tarkoittman parhaan käytössä olevan teknii-
kan (BAT) kriteerit.
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Finsk expert rapport om den bästa andvändbara tekniken i stora förbränningsanläggningar
I rapporten presenteras tekniker, som kan användas för miljöskydd och energibesparing i sto-
ra förbränningsanläggningar för konventionella bränslen med en bränsle-effekt över 50 MW.
Huvudvikten är i tekniker för minskning av utsläpp av stoftpartiklar, svaveldioksid och kväve-
oksioder till luften. Också tekniker för minskning av larm och utsläpp till jord och vattendrag
behandlas.
Inom alla viktiga områden av miljöskyddet finns en eller mera etablerade tekniker, som upp-
fyller kriterier for den bästa andvändbara tekniken (BAT) enligt EU’s IPPC direktiv.
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